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Controlled Tau Cleavage in Cells Reveals Abnormal Localizations of

Tau Fragments
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Abstract—In several forms of dementia, such as Alzheimer’s disease, the cytoskeleton-associated protein tau
undergoes proteolysis, giving rise to fragments that have a toxic impact on neuronal homeostasis. How these
fragments interact with cellular structures, in particular with the cytoskeleton, is currently incompletely under-
stood. Here, we developed a method, derived from a Tobacco Etch Virus (TEV) protease system, to induce con-
trolled cleavage of tau at specific sites. Five tau proteins containing specific TEV recognition sites corresponding
to pathological proteolytic sites were engineered, and tagged with GFP at one end and mCherry at the other. After
a controlled cleavage to produce GFP-N-terminal and C-terminal-mCherry fragments, we followed the fate of tau
fragments in cells. Our results showed that whole engineered tau proteins associate with the cytoskeleton sim-
ilarly to the non-modified tau, whereas tau fragments adopted different localizations with respect to the actin
and microtubule cytoskeletons. These distinct localizations were confirmed by expressing each separate frag-
ment in cells. Some cleavages – in particular cleavages at amino-acid positions 124 or 256 – displayed a certain
level of cellular toxicity, with an unusual relocalization of the N-terminal fragments to the nucleus. Based on the
data presented here, inducible cleavage of tau by the TEV protease appears to be a valuable tool to reproduce tau
fragmentation in cells and study the resulting consequences on cell physiology.� 2022 The Authors. Published by

Elsevier Ltd on behalf of IBRO. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
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INTRODUCTION

Tau is a neuronal protein initially identified as a

microtubule-associated protein (MAP) able to stabilize

and bundle microtubules (Weingarten et al., 1975;

Cleveland et al., 1977a; 1977b; Chen et al., 1992; Kanai

et al., 1992; Takemura et al., 1992; Samsonov et al.,

2004; Prezel et al., 2018). In addition to its microtubule-

binding activity, tau was shown to bind and regulate actin

filaments in vitro and in cells, including neuronal cells

(Correas et al., 1990; Moraga et al., 1993; Kempf et al.,

1996; Yu and Rasenick, 2006; Fulga et al., 2007; He

et al., 2009; Frandemiche et al., 2014; Elie et al., 2015).

Tau can also promote co-organization of actin filaments
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and microtubules (Farias et al., 2002; Elie et al., 2015;

Cabrales Fontela et al., 2017; Biswas and Kalil, 2018).

Hence, tau is of primary importance for cytoskeleton

homeostasis and organization in neurons (Kapitein and

Hoogenraad, 2015; Guo et al., 2017).

In the human central nervous system, the gene

encoding tau (MAPT) undergoes alternative splicing to

produce six different isoforms. These isoforms differ in

the presence of the N-terminal inserts N1 and N2 and

the second repeat domain R2. The 2N4R isoform is the

longest, with 441 amino-acids, whereas the 1N4R and

1N3R isoforms are the most abundant tau species in

the human brain (Guo et al., 2017).

Tau is involved in many different types of dementia,

classified as tauopathies, which include Alzheimer’s

disease (AD), corticobasal degeneration, frontotemporal

dementia and progressive supranuclear palsy (Quinn

et al., 2018), all of which share the hallmark formation of

intraneuronal neurofibrillary tangles. In these diseases,

tau is subjected to many post-translational modifications

such as phosphorylation, acetylation or proteolysis.

These modifications can exacerbate tau aggregation as

neurofibrillary tangles, but also induce a toxic gain-of-

function of tau as monomers or oligomers (de Calignon

et al., 2010; Patterson et al., 2011; Takeda et al., 2015;

Ozcelik et al., 2016; d’Orange et al., 2018; Quinn et al.,
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2018; Martinisi et al., 2021). Indeed, recent studies have

shown that soluble pathological variants of tau can still

interact with microtubules to modulate their organization

(Afreen et al., 2017; Prezel et al., 2018; Afreen and

Ferreira, 2019; Sohn et al., 2019). Moreover, impaired

organization of the actin cytoskeleton has also been

reported in AD and in several models of tauopathies

(Frandemiche et al., 2014; Zempel et al., 2017; Zhou

et al., 2017; Afreen and Ferreira, 2019). Although

cytoskeleton defects have always been thought to be

involved in disease progression, there is still no clear pic-

ture of how abnormal forms of tau affect the cytoskeleton

and alter neuronal architecture.

In a disease context, tau cleavage has been identified

at various sites. Indeed, tau is a substrate for apoptotic

proteases, including caspases 2, 3 and 6, as well as for

other proteases like calpains 1 and 2, thrombin,

cathepsins, and asparagine endopeptidase (Fasulo

et al., 2000; Gamblin et al., 2003; Fasulo et al., 2005;

Park and Ferreira, 2005; Zhang et al., 2014; Matsumoto

et al., 2015; Zhao et al., 2016; Novak et al., 2018;

Quinn et al., 2018). Furthermore, many fragments pro-

duced by unidentified proteases have been purified from

AD brain tissues (Zilka et al., 2006; Wray et al., 2008;

Derisbourg et al., 2015). Overall, up to 50 different prote-

olytic tau fragments have been proposed to play a role in

the pathogenesis of tauopathies (Quinn et al., 2018). Pro-

teolysis can destabilize the primary structure of tau,

thereby preventing it from folding correctly into its

paper-clip-like tertiary structure (Novak et al., 2018). Mis-

folding then leads to misregulation of the cytoskeleton-

binding domain of tau, with some N- and C-terminally

truncated tau proteins exerting 3–4 times higher micro-

tubule assembly activity than full-length tau, to produce

abnormally thick microtubule bundles (Zilka et al., 2006;

Derisbourg et al., 2015; Prezel et al., 2018).

To study tau truncation and toxicity, research groups

have classically expressed truncated fragments in cells

(Fasulo et al., 2005; Zilka et al., 2006; Paholikova et al.,

2015; Bondulich et al., 2016; Torres-Cruz et al., 2016;

Zhao et al., 2016; Afreen and Ferreira, 2019; Guo et al.,

2019). However, a single cleavage event at a unique site

produces both N- and C-terminal fragments, which might

both contribute to perturbing the cell physiology by different

mechanisms. To reproduce tau cleavage in cells, we

adapted the inducible TEV (Tobacco Etch Virus) protease

system (Wehr et al., 2006; Gray et al., 2010), using it to

specifically cleave engineered tau proteins at chosen sites.

For this study, we used the TEV system to concomitantly

apprehend the fate of the N- and C-terminal tau fragments

released in the cell and, in particular, to examine their rela-

tionship with the cell cytoskeleton. We chose to cleave tau

at positions selected as they are known to be cleaved in

AD: positions 124 (cleaved by an unknown protease,

Derisbourg et al., 2015), 256 and 369 (both of which are

cleaved by an asparagine endopeptidase, Zhang et al.,

2014), and 392 (also cleaved by an unknown protease,

Zilka et al., 2006). In addition, we generated a TEV site at

position 198, which is located between tau’s two

proline-rich domains, P1 and P2. Cleavage at this position

produced the following two synthetic fragments: an
Please cite this article in press as: Fourest-Lieuvin A et al. Controlled Tau Cleavage in Cells Reveals Abnormal Loc
N-terminal fragment corresponding to the whole projection

domain, and a C-terminal fragment encompassing the

cytoskeleton-binding domain of tau. This C-terminal frag-

ment was initially called the ‘‘assembly fragment” as it con-

tains all the sequences required for both actin and

microtubule binding (Brandt and Lee, 1993; Preuss et al.,

1997; He et al., 2009; Elie et al., 2015; Prezel et al., 2018).

Our results show that the TEV system cleaves

engineered tau proteins in various model cells, yielding

N- and C-terminal fragments of the expected sizes.

Cleavage at some sites induced cell toxicity, which may

be due to altered localizations of tau fragments. Indeed,

compared to full-length tau – which localizes to both

microtubules and actin filaments – the fragments

showed a preference for one or the other cytoskeleton,

or were diffuse in the cytosol. Furthermore, some N-

terminal fragments relocalized to the nucleus. The TEV

system thus appears to be a valuable tool to reproduce

specific tau cleavage events in cells and examine the

consequences of the simultaneous presence of N- and

C-terminal fragments.
EXPERIMENTAL PROCEDURES

Plasmid DNA and lentiviruses

Plasmids used in this study are available on request. All tau

constructs were based on the human tau isoform with one

N-terminal insertion (N1) and four cytoskeleton-binding

repeat (R) motifs (tau-1N4R, 412 amino-acids, NCBI

reference sequence NP_001116539.1) and were cloned

in the pSIN-EF1alpha lentiviral vector. This vector was

produced from the pSIN-W-PGK-GDNF plasmid (Deglon

et al., 2000), by replacing the PGK-promoter-GDNF

sequencewith theEF1alpha-promoter sequence (Table1).

For the GFP-tau construct, EGFP-tau-1N4R was PCR-

amplified from the pEGFP-tau-1N4R plasmid (described

in Ramirez-Rios et al., 2016) before sub-cloning into the

pSIN-EF1alpha vector using the In-Fusion HD Cloning kit

(Clontech, #639650). For the GFP-tau-mCh construct,

PCR-amplified EGFP-tau-1N4R was sub-cloned into the

pmCherry-N1 plasmid (Clontech, #632523). The whole

EGFP-tau 1N4R-mCherry sequence was then sub-

cloned into the pSIN-EF1alpha vector. For the various

tau-TEV constructs, the TEV recognition motif was

inserted into the tau sequence contained in the GFP-tau-

mCh plasmid at specific locations using the In-Fusion HD

Cloning kit. Insertion positions are indicated in Table 1.

To produce GFP-124N, GFP-124C, GFP-256N and

GFP-256C constructs, the EGFP sequence was cloned

in the pSIN-EF1alpha vector, and then fragments of the

tau-1N4R sequence were PCR-amplified and sub-

cloned in the NdeI site downstream EGFP (Table 1).

Cleavage of the tau-TEV proteins in cells was induced

using an adaptation of the TEV system used in (Gray

et al., 2010) in the Lenti-XTM iDimerizeTM Inducible Hetero-

dimer System (Clontech, #635075). For this system, the

N-terminal half of the TEV protease (NTEV) was PCR-

amplified from the pQCXIP-FRB-NTEV plasmid and

cloned downstream of the DmrC sequence in the

pLVX-Het-1 vector; similarly, the C-terminal half of the
alizations of Tau Fragments. Neuroscience (2022), https://doi.org/10.1016/j.neuroscience.2022.08.016
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Table 1. Description of constructs used.

Construct name description Map file

NTEV N-terminal half of the TEV sequence (residues 1–118) cloned in pLVX-Het-1 lentiviral

vector

N-TEV in pLVX-

Het-1.gb

CTEV C-terminal half of the TEV sequence (residues 119–242) cloned in pLVX-Het-2 lentiviral

vector

C-TEV in pLVX-

Het-2.gb

pSIN-EF1alpha lentiviral

vector

Plasmid pSIN-W-PGK-GDNF (Deglon et al., 2000) in which PGK-GDNF sequence was

replaced by the EF1alpha promoter

pSIN-EF1alpha.

gb

GFP-tau EGFP-tau-1N4R cloned in the pSIN-EF1alpha vector GFP-tau.gb

GFP-tau-mCh EGFP-tau-1N4R-mCherry cloned in the pSIN-EF1alpha vector GFP-tau-mCh.gb

tau-TEV124 TEV motif inserted between T123 and Q124 in the tau sequence of GFP-tau-mCh tau-TEV124.gb

tau-TEV198 TEV motif inserted between Y197 and S198 in the tau sequence of GFP-tau-mCh tau-TEV198.gb

tau-TEV256 TEV motif inserted between N255 and V256 in the tau sequence of GFP-tau-mCh tau-TEV256.gb

tau-TEV369 TEV motif inserted between N368 and K369 in the tau sequence of GFP-tau-mCh tau-TEV369.gb

tau-TEV392 TEV motif inserted between E391 and I392 in the tau sequence of GFP-tau-mCh tau-TEV392.gb

pSIN-EF1alpha-EGFP

lentiviral vector

Plasmid pSIN-EF1alpha where EGFP sequence was inserted in the SalI site downstream

of the EF1alpha promoter

pSIN-EF1alpha-

EGFP.gb

GFP-124N Residues 2–123 of tau-1N4R cloned in NdeI site downstream of EGFP in pSIN-EF1alpha-

EGFP vector

GFP-124N.gb

GFP-124C Residues 124–441 of tau-1N4R cloned in NdeI site downstream of EGFP in the pSIN-

EF1alpha-EGFP vector

GFP-124C.gb

GFP-256N Residues 2–255 of tau-1N4R cloned in NdeI site downstream of EGFP in the pSIN-

EF1alpha-EGFP vector

GFP-256N.gb

GFP-256C Residues 256–441 of tau-1N4R cloned in NdeI site downstream of EGFP in the pSIN-

EF1alpha-EGFP vector

GFP-256C.gb

All plasmids and map files are available on request.
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TEV protease was PCR-amplified from the pQCXIH-

FKBP-CTEV and cloned downstream of the DmrA

sequence in the pLVX-Het-2 vector.

For lentiviral production and cell transfection, plasmid

DNA was prepared using a Nucleobond Xtra Midi

Endofree Kit (Macherey-Nagel, #740420.50). Lentiviral

particles were produced in our virus production facility

by co-transfection of each plasmid described above with

the psPAX2 and pCMV-VSV-G helper plasmids

(Addgene) into HEK293T cells obtained from ATCC

(ATCC-CRL-3216). Viral particles were collected by

ultra-speed centrifugation and titrated by serial dilution

and immunofluorescence observation of transduced

COS-7 cells. Stock aliquots of lentiviruses were

prepared at a titer of 50 � 106 IU/mL, and stored at

�80 �C until use.
Cell culture, transfections, transductions and
treatments

Mouse Embryonic Fibroblasts (MEF) were obtained as

described (Tan and Lei, 2019) from dissected mesenchy-

mal tissues from wild-type Swiss/CD1 mouse (Janvier

Labs, #SN-SWISSF) embryos at E14.5. MEF, COS-7

and HeLa cells were cultured in DMEM 4.5 g/L glucose

(ThermoFisher scientific, #31966047) supplemented with

10% fetal bovine serum (ThermoFisher scientific,

#10270106) and 1 � penicillin–streptomycin (Thermo-

Fisher scientific, # 15140122) at 37 �C and 5% CO2 in a

humidified incubator.

On the day before transfection or transduction, cells

were plated in 35-mm dishes or 24-well plates.

Transient transfections were performed with 1 mg of

plasmid DNA per 35-mm dish, using the Lipofectamine

3000 reagent (ThermoFisher scientific, #L3000008).
Please cite this article in press as: Fourest-Lieuvin A et al. Controlled Tau Cleavage in Cells Reveals Abnormal Lo
After transfection, cells were incubated for 24–36 h

before observation by immunofluorescence.

For viral transduction experiments, the aliquots of

stock lentiviruses were thawed just before use and

diluted tenfold in culture medium at room temperature,

to produce working solutions at 5 � 106 IU/mL. For

control conditions (CTRL conditions), cells in 35-mm

dishes were transduced with 25 mL of one tau-TEV virus

and 20 mL of the NTEV virus (volumes indicated

correspond to working solutions). For cleavage

conditions (CUT conditions), cells were transduced with

25 mL of one tau-TEV virus together with 10 mL of NTEV

virus and 10 mL of CTEV virus. The day after

transduction, cells were treated twice with 25 nM

rapalog (or A/C heterodimerizer, Clontech, #635057),

with 8–9 h between the two treatments. The next day,

cells were processed for western blotting,

immunofluorescence, or MTT assays. In summary,

experiments involved four steps performed at one-day

intervals: day 1, cell seeding; day 2, transduction; day 3,

rapalog treatment; day 4, cell processing for analysis

(see below).
MTT cell viability assay

MTT (Methylthiazolyldiphenyl-tetrazolium bromide,

Sigma-Aldrich, #M2128) is a yellow tetrazole which is

metabolized by mitochondrial dehydrogenases in live

cells to produce insoluble purple formazan (Cook and

Mitchell, 1989), it is commonly used to assess cell viabil-

ity. For viability assays, cells were seeded in 24-well

plates, transduced with the different lentiviruses and/or

treated with rapalog and Taxol, as specified, before incu-

bation with 0.25 mg/mL MTT (final concentration) in cul-

ture medium for two hours at 37 �C. The culture
calizations of Tau Fragments. Neuroscience (2022), https://doi.org/10.1016/j.neuroscience.2022.08.016
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medium was then removed and cells were washed with

PBS before adding 200 mL dimethyl sulfoxide to solubilize

the formazan crystals. Absorbance was measured at

540 nm and 650 nm (background) using a PHERAstar�
FS microplate reader (BMG Labtech). The difference

(A540-A650) was calculated. Each condition was tested in

triplicate (3 wells).

For negative or positive controls of cell viability, cells

were either left untreated (100 % viability) or treated

with 100 nM Taxol (Sigma-Aldrich, #T7402) for 24 h

before performing the MTT test.
Cell extracts and western blotting

To prepare total cell extracts, cells in 35-mm dishes were

treated for 30 sec with 120 mL of lysis buffer (1% SDS in

water, with 400 mM phenylmethylsulfonyl fluoride, PMSF,

# P7626, Sigma-Aldrich), scraped and then sonicated for

30 sec on ice. To produce Triton-soluble and insoluble cell

fractions, cells in 35-mm dishes were washed once with

1 mL serum-free DMEM at 37 �C, then extracted for

1 min at 37 �C with 120 mL of OPT buffer (80 mM

Pipes, pH 6.7, 1 mM EGTA, 1 mM MgCl2, 0.5% Triton

X-100, 10% glycerol, and supplemented with 400 mM
PMSF). This first extract – the soluble fraction – was

kept on ice before SDS-PAGE. Cells were then washed

with 1 mL OPT buffer at 37 �C, and were incubated into

120 mL of lysis buffer for 30 sec, then scraped and

sonicated for 30 sec on ice to produce the insoluble

fraction. After addition of Laemmli buffer, equal volumes

of total extracts, soluble and insoluble fractions, were

loaded onto acrylamide gels.

SDS-PAGE and western blotting were performed

according to standard procedures. Primary antibodies

used on blots were a rat monoclonal antibody directed

against EGFP (Chromotek, #3H9), a rabbit polyclonal

antibody against mCherry (Rockland, #600-401-379)

and a rabbit polyclonal antibody against actin (Sigma-

Aldrich, #A2066). Horseradish peroxidase-conjugated

secondary antibodies were purchased from

ThermoFisher scientific. Blots were revealed using

SuperSignalTM West Pico PLUS Chemiluminescent

Substrate (ThermoFisher scientific, #34577). Images

were acquired on a ChemiDoc-MP Gel Imaging System

(BIO-RAD laboratories).
Immunofluorescence and image acquisition

To fix cells, cell culture medium was removed and cells on

coverslips were treated for 10 min at 37 �C in a solution of

0.5% glutaraldehyde, 0.1% Triton X-100, 10% sucrose in

‘‘cytoskeleton buffer” (CB, 10 mM MES, 138 mM KCl,

3 mM MgCl2, 2 mM EGTA, pH = 6.1). Cells were then

rinsed in CB at room temperature and glutaraldehyde

auto-fluorescence was quenched for 10 min with 1 mg/

mL NaBH4 in PBS. After quenching, cells were rinsed

twice with PBS and then saturated for 30 min in PBS

containing 0.1% Tween 20. All reagents for fixation were

from Sigma-Aldrich, except glutaraldehyde (Electron

Microscopy Sciences, #16220). Immunofluorescence

was then performed using standard procedures. Primary

antibodies were a rabbit polyclonal antibody directed
Please cite this article in press as: Fourest-Lieuvin A et al. Controlled Tau Cleavage in Cells Reveals Abnormal Loc
against EGFP (Millipore, #AB3080) and a monoclonal

antibody directed against alpha-tubulin (a3-a1, Peris

et al., 2006). Secondary antibodies were coupled to

Alexa-488, Alexa-647, or Cyanine3 (Jackson Immuno-

Research Laboratories). Actin was stained with 50 nM

Atto647-phalloidin or Atto565-phalloidin (Atto-Tec GmbH,

#AD647-81 or #AD565-81) during the incubation with

secondary antibodies. DNA was stained with 5 mg/mL

bisBenzimide Hoechst 33258 (Sigma-Aldrich, #14530).

Images were acquired on a Zeiss LSM 710 confocal

microscope equipped with a Zeiss AiryScan module,

using a 63x oil-immersion NA 1.4 objective and Zen soft-

ware (Carl Zeiss MicroImaging).
Quantifications and statistics

To evaluate the number of cells with a green stained

nucleus, HeLa and COS-7 cells were examined and

counted on single plane confocal airyscan images. MEF

cells were examined and counted directly under the

fluorescence microscope as their large size was

incompatible with counting of multiple cells on a single

image. In this case, cells were counted on several

distinct coverslips for each experiment (see legend to

Fig. 4).

The localizations of tau-TEV proteins (in CTRL and

CUT conditions), GFP-tau full-length protein, and GFP-

tau fragments with respect to the cytoskeleton were

examined both directly under the fluorescence

microscope (according to the localization patterns

described in Fig. S1) and by quantification on single

plane confocal airyscan images as described below.

An ImageJ macro was used to quantify colocalization

of the various tau proteins with actin, microtubules, and

cytosolic compartments. Briefly, for each cell a

cytoplasmic region was selected excluding the

perinuclear region. Actin and microtubule channels in

this region were denoised using the A-Trou filter (https://

imagej.nih.gov/ij/plugins/a-trous-wavelet-filter.html).

Images were then thresholded to produce masks on the

cytoskeleton fibers. These masks were combined by

subtracting them from the GFP channel (or mCherry

channel) to produce actin-only, microtubule-only, and

free cytosol (neither on actin nor on microtubules)

compartments. Mean GFP intensities (or mean mCherry

intensities) were measured in the whole region

(GFPtotal), on actin fibers (GFPactin), on microtubules

(GFPmt), and in the free cytosolic compartment

(GFPcyto). Ratios of (GFPactin/GFPtotal), (GFPmt/

GFPtotal) and (GFPcyto/GFPtotal) were calculated and

expressed as percentages.

All statistical analyses were performed using Prism 6

(GraphPad software, USA). Tests were as specified in

figure legends.
RESULTS

Engineering TEV protease and tau to allow site-
specific, timed control of tau cleavage

To reproduce the cleavage of full-length tau occurring in

cells, we took advantage of the TEV protease. The TEV
alizations of Tau Fragments. Neuroscience (2022), https://doi.org/10.1016/j.neuroscience.2022.08.016
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Fig. 1. Description of the TEV system used to induce time- and site-specific truncation of tau. (A) Schematic representation of the TEV

system used in this study (adapted from Wehr et al., 2006). The TEV protease is active when DmrA and DmrC peptides dimerize following exposure

to rapalog (R). The active protease subsequently cleaves TEV sites (amino acid sequence ENLYFQ/S where ‘‘/” is the site of cleavage). DmrA-

CTEV (named CTEV) and DmrC-NTEV (named NTEV) were produced in lentiviral vectors. (B) Schematic representation of the tau 1N4R isoform,

and constructs used in this study. N1 is an N-terminal insert, P1 and P2 are proline-rich sequences, R1 to R4 are repeat sequences, and R0 is a

pseudo-repeat motif. The projection domain comprises the N-terminal part of tau including N1 and P1 sequences, and the cytoskeleton-binding

domain comprises the P2 motif and R1 to R0 sequences. By convention, the numbering corresponds to the amino-acid positions in the longest tau

isoform (2N4R), even though all constructs were based on the tau 1N4R isoform. For tau-TEV constructs, the locations of each inserted TEV site in

the sequence of GFP-tau-mCh are shown. As for NTEV and CTEV, all tau-TEV constructs were packaged in lentiviral vectors.
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protease specifically cleaves proteins containing a seven-

amino-acid sequence (ENLYFQ/S), which is not naturally

present in the mammalian proteome and can therefore be

introduced to create engineered target proteins. To use

the TEV protease in an inducible manner, we adapted

the system developed by Wehr et al. (2006) and opti-

mized by Gray et al. (2010), where the N- and C-

terminal parts of the protease are fused to FRB (the

FKBP-rapamycin binding domain of mTOR kinase) and

FKBP, respectively. With these constructs, TEV protease

activity is only activated following the addition of rapamy-

cin or rapamycin analogs, which trigger FRB and FKBP

dimerization. We cloned the TEV system in the Lenti-X

iDimerize Inducible Heterodimer System (Clontech). The

N-terminal half of TEV was fused to the DmrC peptide

(corresponding to the mutated FRB described in Gray

et al., 2010) and the C-terminal half of TEV was fused

to the DmrA peptide (or FKBP peptide) (Fig. 1A). Both

constructs were packaged in distinct lentivirus vectors.

Lentiviruses expressing DmrC-NTEV and DmrA-CTEV

were used to transduce cells. Rapalog (or A/C

heterodimerizer, Clontech) was subsequently added to

the cell culture medium to induce rapid heterodimerization
Please cite this article in press as: Fourest-Lieuvin A et al. Controlled Tau Cleavage in Cells Reveals Abnormal Lo
of the DmrC and DmrA peptides and thus trigger activa-

tion of the TEV protease (Fig. 1A). For simplicity, DmrC-

NTEV and DmrA-CTEV lentiviruses are hereafter referred

to as NTEV and CTEV viruses.

In addition to the TEV protease, we generated a full-

length tau construct (1N4R isoform) with an EGFP

moiety (called GFP hereafter) at its N-terminus and an

mCherry (or mCh) at its C-terminus (GFP-tau-mCh

construct, Fig. 1B). From this construct, we produced

several related constructs by inserting a TEV

recognition cleavage motif at positions 124, 198, 256,

369, and 392 (Fig. 1B). Most of these positions were

selected as they are known to be cleaved in AD (see

introduction). The GFP-tau-mCh constructs with inserted

TEV motifs are hereafter referred to as tau-TEVs.
Tau-TEV proteins are effectively cleaved by the
inducible TEV system

We first tested the various tau-TEV constructs in

transfection experiments with MEF cells – primary

fibroblasts with well-defined microtubule and actin

arrays – and compared their expression patterns to
calizations of Tau Fragments. Neuroscience (2022), https://doi.org/10.1016/j.neuroscience.2022.08.016

https://doi.org/10.1016/j.neuroscience.2022.08.016


ctrl cut ctrl

130
95

72
55

36

130
95

72
55

36

ctrlctrlctrl cutcutcut cut
tau

-TEV12
4

tau
-TEV19

8

tau
-TEV25

6

tau
-TEV36

9

tau
-TEV39

2

GFP

mCherry

Figure 2 

GFP-tau GFP-tau-mCh tau-TEV124 tau-TEV256A

B

tau-TEV

tau-TEV

Fig. 2. Validation of the TEV system applied to tau protein. (A) MEF cells transfected with

plasmids encoding GFP-tau, GFP-tau-mCh, and Tau-TEVs (tau-TEV124 and tau-TEV256 are

shown) and stained with an anti-GFP antibody. The tau-TEV constructs expressed exhibit a

filamentous pattern similar to that observed with control tau constructs (GFP-tau and GFP-tau-mCh).

Scale bar = 20 mm. (B) COS-7 cells were transduced with one tau-TEV lentivirus together with the

NTEV virus alone (control condition, CTRL), or with both the NTEV and CTEV viruses (cleavage

condition, CUT). All cells (CTRL and CUT conditions) were treated with rapalog 24 h before protein

extraction and western blotting. Western blots were revealed using anti-GFP (top) and anti-mCherry

(bottom) antibodies. Western blots reveal the presence of GFP N-terminal fragments (green

arrowheads) and mCherry C-terminal fragments (magenta arrowheads) for all tau-TEV proteins in

CUT conditions. Tau-TEV proteins and fragments were of the expected sizes. Molecular weights (in

kDa) are shown to the left of each blot.
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those of unmodified GFP-tau and GFP-tau-mCh

constructs (Fig. 2A). Cells expressing the tau-TEV

proteins exhibited the same filamentous staining pattern

as GFP-tau and GFP-tau-mCh (Fig. 2A). This pattern is

typical of either microtubules or actin filaments (see

Fig. S1), thus indicating that insertion of the seven-
Please cite this article in press as: Fourest-Lieuvin A et al. Controlled Tau Cleavage in Cells Reveals Abnormal Localizations of Tau Fragments. Neurosc
amino-acid TEV motif into the tau

sequence had no effect on its

overall localization in cells. The

various tau-TEV constructs were

then packaged in lentiviruses for

the experiments described below.

We next examined whether both

GFP and mCherry tau fragments

could be detected after cleavage of

tau-TEVs, induced by activation of

the TEV protease in cells. COS-7

cells were transduced with each

tau-TEV lentivirus, together with

either the NTEV virus alone (control

condition, CTRL), or with both the

NTEV and CTEV viruses (cleavage

condition, CUT). All cells (CTRL

and CUT conditions) were treated

with rapalog before protein

extraction and western blotting.

Results showed the production of

both GFP-N-terminal and C-

terminal-mCherry tau fragments of

the expected sizes in the CUT

conditions (Fig. 2B and Table 2).

Cleavage of tau-TEV369 and tau-

TEV392 was nearly complete,

whereas a large amount of non-

cleaved tau-TEV124, tau-TEV198

and tau-TEV256 subsisted,

suggesting that cleavage was more

efficient at some sites than others.

In conclusion, the adapted TEV

system can effectively be used to

induce time- and site- specific

cleavage of tau in model cells.

Furthermore, fragment species are

produced alongside a certain

amount of the full-length tau, which

is reminiscent of the pathological

situation in AD neurons.

Cleavage at specific sites of tau is
toxic for cells

We next wondered if the presence of

tau fragments in cells impaired cell

viability, as expected for fragments

identified in a pathological context.

Cell toxicity was tested using the

MTT viability assay. We first

checked that rapalog was not toxic

for MEF cells in our working

conditions (Fig. 3A). Cell viability

was then examined for each tau-

TEV in both CTRL and CUT
conditions. Results showed that cleavage of tau-

TEV198 and tau-TEV369 had no effect on cell viability,

whereas cleavage of tau-TEV124, tau-TEV256, and tau-

TEV392 was toxic for cells (Fig. 3B). Hence, the

cleavage of tau at some specific sites is deleterious for

cells.
ience (2022), https://doi.org/10.1016/j.neuroscience.2022.08.016
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Table 2. Calculated sizes of tau fragments vs their apparent size on SDS-PAGE gels.

Name of tau-TEV Tau-TEV fragment Theoretical size

(kDa)

Apparent size on gel

(kDa)

All tau-TEV Non-cleaved 101 130

Tau-TEV124 GFP-N-terminal 37 50

C-terminal-mCherry 61 80

Tau-TEV198 GFP-N-terminal 45 55

C-terminal-mCherry 56 55

Tau-TEV256 GFP-N-terminal 55 60

C-terminal-mCherry 49 50

Tau-TEV369 GFP-N-terminal 64 80

C-terminal-mCherry 37 40

Tau-TEV392 GFP-N-terminal 67 90

C-terminal-mCherry 35 38
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Fig. 3. Impact of tau cleavage on cell viability. (A) MTT viability tests show that the rapalog treatment used to activate the TEV protease is not

toxic for cells, unlike Taxol, which was used here as a positive control. Number of tests from two independent experiments: no treatment, 18;

rapalog, 18; Taxol, 11. ns, non-significant, ***P< 0.001, Kruskal-Wallis test with Dunn’s multiple comparisons. (B)MTT viability tests performed for

each tau-TEV construct in CTRL and CUT conditions. Results were normalized by expressing them as percentages of the mean in CTRL condition

for each tau-TEV. They show a significant decline in cell viability after cleavage of tau-TEV124, tau-TEV256 and tau-TEV392. For each tau-TEV in

CTRL and CUT condition, six tests from two independent experiments were performed. ns, non-significant, *P < 0.05, **P < 0.01. Mann-Whitney

tests.
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N-terminal fragments released from tau cleavage at
sites 124 or 256 relocalize to the nucleus

Based on the results presented above, we decided to

focus on tau cleavage at positions 124 and 256, since

the fragments released have a toxic effect on cells. We

used immunofluorescence to examine how the

fragments behaved following activation of the TEV

protease in transduced MEF cells. In CTRL conditions

with the tau-TEV124 and tau-TEV256 proteins, GFP

and mCherry staining overlapped as expected (Fig. 4A,

B, upper panels). In CUT conditions, the nucleus was

stained green in many cells transduced with
Please cite this article in press as: Fourest-Lieuvin A et al. Controlled Tau Cleavage in Cells Reveals Abnormal Lo
tau-TEV124 or tau-TEV256, as a consequence of

nuclear relocalization of GFP N-terminal fragments

(Fig. 4A, B, bottom panels). Quantification indicated that

nuclear relocalization of GFP N-terminal fragments

occurred in CUT conditions in 82% of cells transduced

with tau-TEV124, and in 67.5% of cells transduced with

tau-TEV256 (Fig. 4C). Nuclear relocalization of N-

terminal tau fragments after rapalog-induced activation

of the TEV protease was also observed in COS-7 and

HeLa cells (Fig. S2A, B), but to a lesser extent than in

MEF cells (Fig. S2C, D). This difference might be due to

variable cleavage efficiency between cell types.
calizations of Tau Fragments. Neuroscience (2022), https://doi.org/10.1016/j.neuroscience.2022.08.016
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Cytoskeleton localization of tau fragments following
TEV cleavage

The main function of tau is to bind and regulate both the

microtubule and actin cytoskeletons (Kanai et al., 1992;

Fulga et al., 2007; Elie et al., 2015; Biswas and Kalil,

2018; Prezel et al., 2018). Tau cleavage might impair this

function, leading to aberrant localizations of fragments on

the microtubule and/or actin cytoskeletons. Tau fragment

localization was examined in MEF cells. Cells were

labeled in CTRL and CUT conditions with antibodies rec-

ognizing GFP and mCherry in combination with either

anti-alpha-tubulin antibody (microtubules) or phalloidin

(actin). In CUT conditions, to ensure that a cleavage

event had occurred, only cells with a green nucleus were

analyzed. Cells were classified depending on the localiza-

tion patterns of full-length tau and its fragments in the fol-

lowing four categories: (i) diffuse localization in the cytosol

(without cytoskeleton-like pattern), or localization on (ii)

microtubules, (iii) actin, or (iv) both cytoskeletons

(Fig. S1). It should be noted that, in our experimental con-

ditions, it was impossible to stain both cytoskeletons (mi-

crotubules and actin filaments) while also staining the

GFP and mCherry fragments. Nonetheless, based on

their fluorescence pattern, tau-TEV proteins or fragments

could clearly be localized to one or the other cytoskeleton,

or both cytoskeletons, even in the absence of specific

microtubule or actin labeling.

For tau-TEV124, we observed the non-cleaved

protein to exhibit a microtubule-associated pattern in

62% of transduced cells in CTRL conditions (Fig. 5A,

D). Tau-TEV124 also localized with actin in 7% of cells,

and with both cytoskeletons in 30% of cells (Fig. 5D). In

CUT cells, the N- and C-terminal tau fragments

released adopted completely different localizations

compared to that of non-cleaved tau. The GFP-labeled

N-terminal fragment displayed a mostly diffuse staining

pattern in the MEF cell cytoplasm (Fig. 5B, C, left

panels), and was also observed in the nucleus (Fig. 5B,

C, stars) as described above (Fig. 4). In contrast, the

mCherry-labeled C-terminal fragment was associated

with microtubules in 78% of cells (Fig. 5B, C, ‘‘mCherry”

panels, arrowheads, quantifications in Fig. 5D), and

remained outside the nucleus. Merged images

confirmed the distinct localizations of the GFP N-

terminal and mCherry C-terminal fragments (Fig. 5B, C).

The phenotype of non-cleaved tau-TEV256 was

similar to that of tau-TEV124, with localization on
3

Fig. 4. Relocalization of the N-terminal fragment of tau to the nucleus a
TEV124 (A) or tau-TEV256 (B) in CTRL and CUT conditions. Confocal ima

33258 to label DNA (cyan images), and with anti-GFP (green) and anti-mChe

are shown. Line scan plots (right panels) were produced for each stain, the s

on the merged images. Plot profiles show that the fluorescence intensity

conditions compared to control conditions. In many cells, the GFP fragmen

relocalized to the nucleus in CUT conditions. Scale bars = 20 mm. (C) Transdu
the percentage of cells in which the nucleus was stained green in CTRL an

experiments: n = 5 and 8 counts for tau-TEV124 CTRL and CUT, respective

CTRL and CUT, respectively (238 and 498 cells). **P < 0.01, Mann-Whitne

Please cite this article in press as: Fourest-Lieuvin A et al. Controlled Tau Cleavage in Cells Reveals Abnormal Lo
microtubules (Fig. 6A), and on both the actin and

microtubule cytoskeletons (Fig. 6B and quantifications

Fig. 6E). However, following cleavage at site 256, the

fragments showed different localizations compared to

the fragments produced by cleavage at site 124. Thus,

the two fragments released showed an actin-binding

pattern in about 60% of cells, and a diffuse pattern in

most of the remaining cells analyzed (Fig. 6C, E).

Strikingly, in about 10% of cells, the mCherry C-terminal

fragment appeared to localize on microtubules (Fig. 6D,

magenta arrowheads), whereas the N-terminal fragment

localized on actin stress fibers (Fig. 6D, green arrow).

Thus, in these cells, there was a clear segregation of

the N- and C-terminal parts of tau between actin and

microtubules.

To confirm differences in the localization of tau-TEV

proteins before and after cleavage, we analyzed co-

localization on confocal airyscan images (Fig. S3, see

Experimental Procedures for details). In line with the

data presented in Figs. 5 and 6, the results indicated a

preferential association of the mCherry C-terminal tau-

TEV124 fragment with microtubules, whereas the two

tau-TEV256 fragments preferentially associated with

actin.

Overall, these results reveal that fragments produced

following tau cleavage exhibit novel properties compared

to full-length tau. In general, the N-terminal fragment was

detected as diffuse staining in the cytosol, with occasional

relocalization to the nucleus. In contrast, C-terminal

fragments continued to associate with the cytoskeleton,

but displayed specific microtubule- or actin-like patterns

depending on the specific cleavage sites.
Cytoskeleton localization of individually expressed
tau fragments

Tau proteolysis induced using the site-specific TEV

system revealed that both N- and C-terminal fragments

could exhibit abnormal localizations inside cells, which

are likely to affect cell homeostasis. To verify that the

observed fragment localizations were not influenced by

the type (GFP or mCherry) or position (N- or C-terminal)

of the fluorescent label, we generated four constructs

corresponding to each fragment with a GFP moiety at

their N-terminus, which we named GFP-124N, GFP-

124C, GFP-256N and GFP-256C.

The different GFP-tagged fragments packaged in

lentiviruses were used to transduce MEF cells, and their
fter cleavage at sites 124 and 256. (A, B) MEF cells expressing tau-

ges of a single focal plane are shown for cells stained with Hoechst

rry (magenta) antibodies. Merged GFP and mCherry labeling images

can corresponds to fluorescence intensity along the yellow line drawn

of GFP-tau fragments did not decrease in the nucleus under CUT

t (N-terminal part of tau) of both tau-TEV124 and tau-TEV256 was

ced MEF cells with or without green nuclei were counted to determine

d CUT conditions. Number of counts performed in two independent

ly (276 and 627 cells examined); n = 5 and 8 counts for tau-TEV256

y tests.

calizations of Tau Fragments. Neuroscience (2022), https://doi.org/10.1016/j.neuroscience.2022.08.016

https://doi.org/10.1016/j.neuroscience.2022.08.016


GFP mCherry microtubules

GFP mCherry merged

GFP mCherry microtubules

diffuse
actin
both cytoskeletons
microtub.

CTRL CUT
GFP

CUT
mCh

lo
ca

liz
at

io
n 

(%
 o

f c
el

ls
) ***

A

B

C

D

merged

merged

actin

ctrl

cut

cut

Fig. 5. Relocalization of the N- and C-terminal fragments of tau with regards to the cytoskeleton after cleavage at site 124. (A) In CTRL

condition (no cleavage), tau-TEV124 localized mostly on microtubules in transduced MEF cells. (B, C) In CUT condition (after cleavage), the GFP

N-terminal fragment was mainly cytosolic (diffuse staining), and also entered the nucleus (stars), whereas the mCherry C-terminal fragment

remained mostly associated with microtubules (arrowheads). Scale bars = 20 mm. (D) Quantification of localization patterns for the non-cleaved

tau-TEV124 in control cells (CTRL), or, after cleavage, for the GFP N-terminal fragment (CUT-GFP), or the mCherry C-terminal fragment (CUT-

mCh). Cells were distinguished based on the localization patterns of tau or its fragments, as described in Fig. S1: diffuse in the cytosol, localized on

actin stress fibers, localized on microtubules, or localized on both cytoskeletons. For the CUT condition, only cells exhibiting a green nucleus were

examined since this phenotype was clearly associated with tau cleavage (see Fig. 4). Cells were analyzed in two independent experiments (n=300

for tau-TEV124 CTRL, n = 245 for CUT-GFP, and n = 129 for CUT-mCh). ***P < 0.001, Chi-square test.
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localization patterns were compared to those of full-length

GFP-tau 1N4R (GFP-tau, Fig. 7A, first row). In these

experiments, microtubules and actin filaments were also

labeled (Fig. 7A). As expected, GFP-tau mostly

localized on microtubules, actin, or both cytoskeletons

(Fig. 7A, first row, and see quantifications Fig. 7B). In

contrast, the two N-terminal fragments GFP-124N and

GFP-256N were present in the cytoplasm, with a diffuse

staining pattern in most cells (Fig. 7A, second and

fourth rows, and Fig. 7B). As in the cleavage

experiments, in 20% of cells, the GFP-256N fragment

co-localized with actin fibers (Fig. 7A, fourth row, arrow).

The two C-terminal fragments remained associated with

the cytoskeleton, with a preferential localization on

microtubules (GFP-124C, Fig. 7A third row) or on actin

(GFP-256C, Fig. 7A fifth row). The localization of GFP-

124C on microtubules was accompanied by the

formation of microtubule bundles (Fig. 7A, third row,

green arrowhead), as previously reported (Derisbourg

et al., 2015). These results were further confirmed by

co-localization studies (Fig. S4A) and western blotting of

Triton-soluble/insoluble protein fractions (Fig. S4B). In

addition, as expected from the nuclear relocalization of

the N-terminal tau-TEV fragments in CUT conditions

(Figs. 4 and S2), the GFP-124N and GFP-256N frag-

ments were present in the nuclei of transduced cells

(Fig. 7C). Finally, MTT viability tests revealed that, unlike

whole cleaved tau-TEV124 and tau-TEV256, the individu-

ally expressed fragments were not toxic for cells (Fig. 7D).

In conclusion, although they were less toxic, the

different fragments expressed individually exhibited

similar localization patterns to those of the tau-TEV

fragments released following TEV-induced cleavage.
DISCUSSION

The aim of this study was to determine whether the TEV

protease could be used to study tau fragmentation as

observed in AD and other tauopathies.

As tau cleavage at one specific site induces the

production of two fragments, it was important to be able

to study how the simultaneous presence of the two

fragments affected cell physiology, in particular the

cytoskeleton. Inspired by studies of huntingtin cleavage

in the context of Huntington’s disease (El-Daher et al.,

2015), we developed a tool based on the TEV system

(Wehr et al., 2006; Gray et al., 2010) to control tau cleav-

age in cells in terms of both time and site. The results pre-

sented in this article show that the system efficiently

induced controlled cleavage of tau at several sites and
3

Fig. 6. Relocalization of the N- and C-terminal fragments of tau with reg
condition (no cleavage), tau-TEV256 is localized on the microtubule cytoske

(B, arrows indicate localization on actin stress fibers, and arrowheads ind

cleavage), the GFP N-terminal fragment was observed to enter the nucleus (s

fragments produced either diffuse staining in the cytosol or exhibited an actin-l

two fragments adopted a dichotomous localization after cleavage, with the GF

terminal fragment onto microtubules (arrowheads). Scale bars = 20 mm.

exhibited by non-cleaved tau-TEV256 in control cells (CTRL), or by the GFP

(CUT-mCh) after cleavage. For the CUT condition, only cells exhibiting a gre

experiments (n = 400 for tau-TEV256 CTRL, n = 185 for CUT-GFP, and n
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in several model cells (MEF, COS-7, HeLa cells). Con-

trolled cleavage of tau at positions 124 and 256 resulted

in the production of fragments displaying aberrant local-

izations with respect to the cytoskeleton, and relocaliza-

tion to the nucleus. These cleavage events were also

associated with cell toxicity. Based on the results pre-

sented here, the TEV method is a powerful tool to recapit-

ulate the pathological cleavage of tau and decipher the

fate and activity of the fragments released in cells.

One striking event linked to tau truncation in our study

was the partial relocalization of N-terminal tau fragments

to the nucleus (Figs. 4 and S2). Relocalization varied

depending on the cleavage site and/or the cell type,

possibly due to variable cleavage efficiency (Fig. 2B).

Nuclear pore complexes are responsible for protein

trafficking between the cytoplasm and the nucleoplasm.

Molecules smaller than about 30–60 kDa can migrate

freely through these nuclear pore complexes via passive

transport (Timney et al., 2016) which might explain the

partial nuclear relocalization of the GFP N-terminal frag-

ments produced from tau-TEV124 and tau-TEV256 (theo-

retical sizes of 37 kDa and 55 kDa, respectively). The N-

terminal fragment produced from tau-TEV124 is smaller

than that produced from tau-TEV256, and this size differ-

ence might facilitate its nuclear relocation, in line with the

results shown in Fig. 7C.

Whatever the mechanism, nuclear relocalization of

tau fragments might partly explain the deleterious

effects of tau cleavage. The presence of full-length tau

has previously been reported in nuclei from cultured

cells and human brain cells (Loomis et al., 1990; Brady

et al., 1995; Thurston et al., 1996; Cross et al., 2000;

Sjoberg et al., 2006). Tau interacts with DNA and RNA

and it has been proposed that it protects these molecules

against denaturation and damage from free radicals

(Multhaup et al., 2015; Bukar Maina et al., 2016;

Mansuroglu et al., 2016). Several recent reports indicated

that pathological tau impairs normal nuclear functions in

at least four different ways: (i) aggregated abnormal tau

binds to RNA molecules and perturbs the splicing machin-

ery (Lester et al., 2021), (ii) pathogenic tau can cause

toxic depletion of nuclear calcium (Mahoney et al.,

2020), (iii) highly phosphorylated tau impairs the normal

function of nuclear pore complexes (Eftekharzadeh

et al., 2018) and (iv) nuclear membrane deformations

and altered nucleocytoplasmic transport were found in

human neurons bearing tau mutations related to fron-

totemporal dementia (Paonessa et al., 2019). In this con-

text, the means by which pathological fragments of tau
ards to the cytoskeleton after cleavage at site 256. (A, B) In CTRL

leton (A, arrowheads) or on both actin and microtubule cytoskeletons

icate localization on microtubules). (C, D) In CUT condition (after

tars). (C) In most cells, both GFP N-terminal and mCherry C-terminal

ike pattern (arrows). (D) In�10% of cells, like the one shown here, the

P N-terminal fragment on actin filaments (arrow) and the mCherry C-

(E) Quantification of localization patterns (as described in Fig. S1)

N-terminal fragment (CUT-GFP) or the mCherry C-terminal fragment

en nucleus were examined. Cells were analyzed in two independent

= 295 for CUT-mCh). ***P < 0.001, Chi-square test.
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impair nuclear homeostasis following invasion of the

nucleus remains an open and interesting question.

Another striking observation following tau truncation

was changes to cytoskeleton localization of some of the

fragments released compared to non-cleaved tau, as

illustrated by tau-TEV124 and tau-TEV256. In most

control cells, non-cleaved tau-TEV124 and tau-TEV256

localize on microtubules or on both microtubules and

actin, like the unmodified GFP-tau (compare Figs. 5D

and 6E with Fig. 7B). However, when tau-TEV124 was

cleaved, the N-terminal fragment in most cells displayed

a diffuse staining pattern in the cytoplasm, combined

with the nuclear relocalization mentioned above. The

diffuse cytoplasmic pattern was expected, since the N-

terminal fragment of tau-TEV124 corresponds to part of

tau’s projection domain, and lacks the cytoskeleton-

binding domain (Fig. 1B). In contrast, the C-terminal

fragment of tau-TEV124 contains all the sequences

known to bind the actin and microtubule cytoskeletons

(He et al., 2009; Elie et al., 2015; Cabrales Fontela

et al., 2017). Nevertheless, this fragment was seen to

interact more extensively with microtubules (Fig. 5D).

Thus, it appears that the absence of part of the projection

domain favors tau fragment binding to microtubules rather

than to actin filaments.

Following tau-TEV256 cleavage, in some cells the N-

terminal fragment exhibited a diffuse localization pattern,

like that observed with the N-terminal fragment of tau-

TEV124. The N-terminal tau-TEV256 fragment could

also associate with actin filaments, probably via the P1

and P2 proline-rich motifs known to interact with actin

(see Fig. 1B) (He et al., 2009). The C-terminal tau-

TEV256 fragment showed an actin-like localization pat-

tern in most of the cells examined. Although this fragment

lacks the P1 and P2 motifs, it probably interacts with actin

through the repeat domains which were shown to bind

both actin and microtubules (Elie et al., 2015; Cabrales

Fontela et al., 2017). Thus, tau cleavage at position 256

generates two fragments that both target actin filaments

but exhibit a weak microtubular staining pattern. This con-

clusion concurs with those of previous studies reporting

that the association of tau with microtubules in cells

requires both tau repeats and the adjacent proline-rich

sequences (Preuss et al., 1997).

Overall, the controlled tau cleavage system revealed

altered cellular localization of tau fragments compared to

that of the parental full-length tau. Furthermore, the
3

Fig. 7. Cytoskeleton localization of N- and C-terminal tau fragments tran
constructs coding for full-length GFP-tau or GFP-fragments of tau, indicated

column), an anti-tubulin antibody (second column), and Atto 647-phalloidin (

GFP-labeled proteins in relation to microtubules (fourth column) or actin (fif

patterns for each protein fragment expressed. Arrowheads indicate GFP-labe

on actin stress fibers. Scale bar = 10 mm. (B) Quantification of localization

each tau fragment. For each, 300 cells were analyzed from two independent e

with full-length GFP-tau, GFP-124N or GFP-256N, were counted to determ

Number of counts performed in two independent experiments: n= 5 counts (a

GFP-124N, and n = 7 counts (663 cells) for GFP-256N. ***P < 0.001, Kru

three days of expression of full-length GFP-tau or of each tau fragment. Resu

for GFP-tau. Number of tests from two independent experiments: 12 for GFP

256C. ns, non-significant, Kruskal-Wallis test.
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simultaneous presence of both N- and C-terminal

fragments appeared to be more toxic for cells than the

sole expression of individual fragments (Figs. 3B and

7D). This effect might be explained by additive toxic

effects of fragments on both the nucleus and cytoskeleton.

In conclusion, in this study we developed a cellular

system to reproduce tau cleavage at specific sites found

in AD patients’ brains. We used this system to

determine the fate and deleterious effects of the

fragments released, in conditions close to the

pathological context. Our results emphasize the

importance of studying both nuclear damage and

alterations to cytoskeletal regulation when seeking to

decipher cellular dysfunction in tau-related pathologies.
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