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Abstract: We have identified a class of tau fragments
inducing apoptosis in different cellular contexts, including
a human teratocarcinoma-derived cell line (NT2 cells)
representing committed human neuronal precursors. We
have found a transition point inside the tau molecule
beyond which the fragments lose their ability to induce
apoptosis. This transition point is located around one of
the putative caspase-3 cleavage sites. This is the only
site that can be effectively used by caspase-3 in vitro,
releasing the C-terminal 19 amino acids of tau. These
results establish tau as a substrate for an apoptotic pro-
tease that turns tau itself into an effector of apoptosis.
Accordingly, tau may be involved in a self-propagating
process like what has been predicted for the path-
ogenesis of different neurodegenerative disorders. Key
Words: Microtubule—Tau—Apoptosis—Caspase-3.
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Proteolysis of cellular proteins is one of the critical
mechanisms of apoptosis (Salvesen and Dixit, 1997).
Although many protein substrates for apoptosis-activated
proteases have been identified, their functional signifi-
cance is poorly understood. Some of these substrates are
cytoskeletal proteins, for example, actin, fodrin, gelsolin,
and GAS2 (Brancolini et al., 1995; Martin et al., 1995;
Kayalar et al., 1996; Kothakota et al., 1997; Mashima
et al., 1997; Geng et al., 1998; Janicke et al., 1998). The
cleavage products of some of these substrates are effec-
tors of apoptosis themselves, contributing to the bio-
chemical and morphological changes that ultimately lead
to cell death (Brancolini et al., 1995; Kothakota et al.,
1997; Geng et al., 1998).

Inappropriate apoptosis in neurons accompanies many
pathological changes in neurodegenerative disorders,
such as Huntington’s disease (Portera-Cailliau et al.,
1995; Ona et al., 1999) and Alzheimer’s disease (AD)
(Anderson et al., 1996; Ugolini et al., 1997).

A growing body of evidence shows that the microtu-
bule-associated protein tau (Mandelkow and Man-
delkow, 1998; Spillantini and Goedert, 1998) is abnor-

mally cleaved in AD and other tauopathies (Novak et al.,
1991, 1993; Goedert et al., 1992; Johnson et al., 1997).
The presence of cleaved tau in AD neurons is associated
with expression of markers for neuronal death (Ugolini
et al., 1997).

In a culture model of neuronal apoptosis, the produc-
tion of tau fragments was shown to be an early and
initially reversible event, with caspase-3 and calpain
identified as proteases contributing to tau cleavage (Canu
et al., 1998). A tau fragment including the microtubule-
binding domains and both proline-rich regions was found
to induce apoptosis when expressed in COS cells (Fasulo
et al., 1998). In this article, we identify a class of frag-
ments of human tau that display apoptotic capacity when
expressed in different cells. Moreover, we find a transi-
tion point beyond which the fragments lose their ability
to induce apoptosis. This transition point is located
around one of the three putative caspase-3 cleavage sites
that can be predicted in tau on the basis of sequence
analysis. Only this site, in the C-terminal portion of the
molecule, can be effectively used by caspase-3 in vitro.
These findings establish tau as a substrate for an apopto-
tic protease that turns the remaining part of tau into an
effector of apoptosis.

According to the present results, tau may be involved
in a positive-feedback intracellular loop, an example of
self-propagating process that has been predicted to un-
derlie the pathogenesis of different neurodegenerative
disorders (Yuan and Yankner, 1999).
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MATERIALS AND METHODS

Expression plasmids
The expression vector pSG5 used for all the constructs and

the plasmids dGAEpSG5, tau40pSG5, and tau151–391pSG5,
directing the expression of the corresponding fragments of tau,
were previously described (Fasulo et al., 1996, 1998). The
numbering of tau fragments is according to the longest human
tau isoform, tau40. Plasmids encoding tau fragments were
generated by PCR using tau40pSG5 as a template. PCR primers
containedEcoRI (59) and BamHI (39) sites for insertion into
EcoRI–BamHI-cut pSG5.

The 59 primer for tau151– 402, tau151– 412, tau151– 422,
tau151– 432, tau151– 441, tau151–274, tau151–336, and
tau151–368 was 59GCCCGAATTCATGATCGCCACAC-
CGCGGGGAGCA39. The 39 primers were 59TTACAG-
GATCCTCAGTCCCCAGACACCACTGGCGACTTGT39,
59TTACAGGATCCTCAGGAGACATTGCTGAGATGCC-
G39, 59TTACAGGATCCTCACGAGTCTACCATGTC-
GATGCT39, 59TTACAGGATCCTCACACCTCGTCAG-
CTAGCGTGGC39, 59TTACAGGATCCTCACAAACCCT-
GCTTGGCCAGGGA39, 59TTACAGGATCCTCACTTC-
CCGCCTCCCGGCTGGTG39, 59TTACAGGATCCT-
CACTGGCCACCTCCTGGTTTATG39, and 59TTACAG-
GATCCTCAATTTCCTCCGCCAGGGACGTG39, respectively.

Constructs encoding for tau-head, P2dGAE, and Nt-
dGAE were made using the following 59 primers: 59GC-
CCGAATTCATGGCTGAGCCCCGCCAGGAG39 for tau-
head and Nt-dGAE and 59GCCCGAATTCATGAGCAGC-
CCCGGCTCCCCAGGC39 for P2dGAE. The 39 primers
were 59TTACAGGATCCTCAATTATCCTTTGAGCCAC-
ACTT39 for tau-head and 59TTACAGGATCCTCACTC-
CGCCCCGTGGTCTGTCTT39 for P2 dGAE and Nt-dGAE.

Constructs encoding tau fragments tau1–422, tau22–441,
and tau22–422 were made using the following 59 primers:
59GCCCGAATTCATGGCTGAGCCCCGCCAGGAG39 for
tau1–422 and 59GCCCGAATTCATGGACAGGAAAGAT-
CAGGGGGGC39 for tau22–441 and tau22–422).

The 39 primers were 59TTACAGGATCCTCACGAGTC-
TACCATGTCGATGCT39 for tau1–422 and tau22–422 and
59TTACAGGATCCTCACAAACCCTGCTTGGCCAGGG-
A39 for tau22–441.

Constructs encoding tau25* and tau421* were made using
the following primers: 59TTACAGGATCCTCACAAACCCT-
GCTTGGCCAGGGA39 and 59GCCCGAATTCATGGCTG-
AGCCCCGCCAGGAGTTCGAAGG39 for tau ends,
59GCCAGGAGTTCGAAGTGATGGAAGATCACGCTGGG-
ACGTACGGGTTGGGCGATCGGAAAGCTCAGGGGGG39
for caspase-3 site I, and 59CCTCGTCAGCTAGCGTGGC-
CAGCTGGGGCGAGGCTACCATGTC39 for caspase-3 site
III.

PCR was carried out with Vent DNA polymerase in a
PTC100 thermal cycler (MJ Research) for 30 cycles as follows:
94°C for 1 min, 60 or 65°C for 1 min, and 72°C for 1 min for
30 cycles, followed by 5 min at 72°C.

All amplified inserts were sequenced by the deoxynucleotide
procedure of Sanger et al. (1977).

Cell culture, transfection, and analysis
COS cells were cultured and transiently transfected by the

DEAE-dextran method as described elsewhere (Fasulo et al.,
1996). Murine 3T3 fibroblasts, human NT2 teratocarcinoma
cells, and human SH-SY5Y neuroblastoma cells were cultured
in Dulbecco’s modified Eagle’s medium with 10% fetal calf
serum (with high glucose, for NT2 cells), and transfected by the

calcium phosphate method. Cells were analyzed 48 or 72 h
after the transfection, respectively, for immunofluorescence
and immunoblotting.

MN7.51 hybridoma supernatant, which recognizes all iso-
forms of human tau (Novak et al., 1991), was used at 1:20
dilution for both immunofluorescence and immunoblotting.
Polyclonal antibody 304 (the generous gift of M. Goedert) was
used at 1:1,000 dilution to detect tau-head (tau1–150). TRITC
(tetramethylrhodamine isothiocyanate)-conjugated rabbit anti-
mouse (1:200 dilution; Vector) or biotinylated anti-rabbit (1:
500; Vector) and avidin rhodamine (1:1,000; Vector) were used
for immunofluorescence. Peroxidase-conjugated goat anti-
mouse and anti-rabbit secondary antibodies (DAKO) were used
for immunoblotting at 1:1,000 dilution.

Apoptotic cells were identified in situ with the in situ frag-
ment end labeling (ISEL) procedure for DNA fragmentation
using the ApopTag direct in situ apoptosis detection kit
(ONCOR), following the manufacturer’s instructions (the pro-
cedure labels apoptotic nuclei with fluorescein). For double
labeling, cells were fixed in 1% paraformaldehyde for 10 min
on ice and then permeabilized with 70% ethanol (at220°C) for
10 min. ApopTag staining for detection of DNA fragmentation
was performed first, followed by indirect immunofluorescence
(Fasulo et al., 1998). Coverslips were mounted in Vectashield
mounting medium (Vector). Apoptotic transfected cells were
visualized using a multiple wavelength filter (Zeiss Filter Set
25) and counted 48 h (72 h in the case of NT2 cells) after
transfection (Fasulo et al., 1998). At least 500 transfected cells
were examined for each construct. The average percentage of
COS cells undergoing apoptosis, on expression of each tau
construct, was calculated from at least three independent trans-
fection experiments.

For western blotting, cells were collected 72 h after trans-
fection, washed in phosphate-buffered saline, extracted with
ice-cold microtubule-depolymerizing lysis buffer [50 mM Tris
(pH 7.4), 2 mM CaCl2, 1% NP-40, and a cocktail of protease
inhibitors] for 20 min at 4°C, scraped off, and centrifuged 5
min at 12,000 rpm. Cell extracts were analyzed by sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-
PAGE; 10% acrylamide), immunoblotted, and developed by
the ECL method, according to the manufacturer’s instructions
(Amersham, Arlington Heights, IL, U.S.A.), or by incubating
the blot for 2–10 min (at room temperature) with 0.05% 3,39-
diaminobenzidine (Sigma Chemical Co.) and 0.01% H2O2 in
PBS.

In vitro translation and cleavage of tau with
caspase-3

Recombinant human caspase-3 harboring a C-terminal hexa-
histidine tag was expressed inEscherichia coliand purified on
a Ni21 affinity resin, as described elsewhere (Canu et al.,
1998). pSG5-based plasmids encoding for tau40, tau25*
(D25A), and tau421* (D421A) were in vitro transcribed and
translated with the transcription- and translation-coupled re-
ticulocyte lysate system (Promega, Madison, WI, U.S.A.). Two
microliters of translated reticulocyte lysate was incubated for
30 min at 37°C with purified caspase-3 in 10ml of caspase-3
buffer containing protease inhibitors (Brancolini et al., 1997) in
the presence or the absence of 200 nM N-acetyl-DEVD-alde-
hyde. Reactions were terminated by adding 1 volume of SDS-
PAGE sample buffer and boiling for 3 min, before electro-
phoresis on SDS-PAGE.
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RESULTS

A set of fragments of tau inducing apoptosis
Tau proteins are the main constituents of the paired

helical filaments found in AD neurons (Wischik et al.,
1988). All six full-length tau isoforms (Goedert et al.,
1992) as well as shorter fragments (Novak et al., 1993)
are present in paired helical filaments. In an attempt to
investigate the impact of tau fragments on cell physiol-
ogy, we initially focused our attention on the so-called
12-kDa tau fragments that encompass the microtubule-
binding repeat regions. These fragments are unable to
bind to microtubules but do not affect either cell mor-
phology or viability (Fasulo et al., 1996). In a previous
study, we showed that N-terminal extension of the 12-
kDa fragment, including the two proline-rich regions
(fragment tau151–391), induces apoptosis in COS cells
(Fasulo et al., 1998).

To map systematically the apoptotic properties of tau,
a set of fragments designed around tau151–391 and
based on the longest tau isoform found in human brain
(tau40) was engineered and expressed in cells.

Figure 1a shows a first set of constructs, starting at
residue 151 (start of proline-rich region 1) and terminat-
ing at residues 391, 402, 412, 422, 432, and 441 (the
natural end of tau protein). Plasmids directing the ex-
pression of these fragments were transiently transfected
in COS cells, and the expression of the corresponding
proteins was verified by western blotting (Fig. 1b), con-
firming that the fragments were expressed at comparable
levels and displayed the predicted molecular weight.

Transfected cells were immunostained 48 h after
transfection with the anti-tau monoclonal antibody
MN7.51 (Fig. 1c–h). MN7.51 recognizes an epitope in
the repeats region, contained in all constructs of this set.
Cells expressing fragments tau40 (Fig. 1c), dGAE (Fig.
1d), and tau151–391 (Fig. 1e and f), tau151–422 (Fig.
1g), and tau 151–441 (Fig. 1h) were analyzed by double
labeling with MN 7.51 (red) and with the ISEL proce-
dure for DNA fragmentation (green), which reveals cell
death. Tau fragments display a broad distribution
throughout the cytosol with the fixation conditions used
here, which do not allow visualization of the pool of
microtubule-associated tau (when present), decorating
the microtubule network.

Association with microtubules of ectopically overex-
pressed tau can be visualized when cell permeabilization
is performed before fixation in microtubule-stabilizing
conditions (Fasulo et al., 1996). In a previous study we
have shown that the dGAE fragment of tau does not
associate with microtubules (Fasulo et al., 1996).

The transfected cells expressing fragments of tau40
and showing DNA fragmentation were visualized using a
multiple wavelength filter (Zeiss Filter Set 25), and the
percentage of apoptotic cells of the total number of
transfected cells was determined (Fig. 1i). The lowest
percentage of DNA fragmentation was found in cells
expressing the dGAE fragment, and for this reason this
fragment was used as a negative control in all experi-

ments. The level of apoptosis induced by the dGAE
fragment corresponds to the background levels induced
by negative controls in similar experimental conditions
(Yamatsuji et al., 1996). The background incidence of
apoptosis (corresponding to transfection-induced non-
specific cell damage) was negligible in our experimental
condition. In contrast, the expression of fragments en-
compassing the proline-rich regions and terminating any-
where between residues 391 and 422 induced morpho-
logical changes typical of apoptosis (rounded shape,
nuclear condensation, and membrane blebbing) as well
as DNA fragmentation in a large number of cells (Fig.
1e–g). It is interesting that a further C-terminal extension
of the fragments, to include the natural end of the pro-
tein, resulted in the complete loss of the apoptotic prop-
erties (Fig. 1i). In conclusion, all fragments terminating
between amino acids 391 and 422 display the maximal
ability to kill cells (40–45% of transfected cells being
apoptotic, about a threefold increase in comparison with
the dGAE negative control), with a sharp transition ob-
served on further extension into the 19 C-terminal resi-
dues. No significant difference in the time of onset of the
apoptotic effect was observed among the different tau
deletion mutants.

The full-length tau40 protein induces a slightly higher
level of apoptosis than the dGAE control fragment. This
is most likely due to intracellular proteolysis of the
molecule, as confirmed by western blot analysis (Fig.
1b), with the generation of apoptotic fragments. This
may also be the case for the deletion mutants tau 151–
432 and tau 151–441, which, like tau40, also display a
modest apoptotic activity with respect to dGAE frag-
ments, from which no apoptotic fragments can be gen-
erated. Alternatively, the slightly higher levels of apo-
ptosis induced by full-length tau could also be ascribed
to its microtubule-stabilizing capacity, as shown for
Taxol-induced apoptosis in HL60 cells (Ibrado et al.,
1996).

To characterize further the cell death process induced
by the expression of these tau fragments, proteolytic
cleavage of poly(ADP-ribose) polymerase (PARP)
(Tewari et al., 1995) was assessed by immunoblot and
demonstrated the appearance of the 85-kDa PARP band,
diagnostic of apoptosis (data not shown). In cells coex-
pressing the fragment tau151–391 and the Bcl-2 anti-
apoptotic protein, the processing of PARP to the 85-kDa
band was significantly reduced (data not shown).

Fragment tau151–391 induces apoptosis
in NT2 cells

Fragment tau151–391 was also expressed in mouse
3T3 fibroblasts, as well as in SH-SY5Y neuroblastoma
and NT-2 teratocarcinoma cells, both human cell lines of
neuronal origin. SH-SY5Y and NT-2 cells showed a
similar behavior, and results are reported for NT2 cells in
Fig. 2. The red fluorescence signal seen with the anti-tau
MN 7.51 antibody is due to the transfected tau fragments
because undifferentiated NT-2 cells do not express en-
dogenous tau, as shown in Fig. 2d (lane A). A compar-
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FIG. 1. A set of fragments of tau inducing apoptosis. a: Schematic representation of tau fragments. In this and in subsequent figures,
the numbering of amino acids corresponds to that of the longest human brain tau isoform (tau40): 1, full-length tau40, where I1 and I2
are N-terminal inserts, P1 and P2 are proline-rich domains, and R1–R4 are microtubule-binding repeats; 2, dGAE, one of the AD paired
helical filament core fragments; 3, tau151–391; 4, tau151–402; 5, tau151–412; 6, tau151–422; 7, tau151–432; and 8, tau151–441. b:
Western blot of tau fragments expressed in COS cells. C, control untransfected cells. Lane numbers correspond to constructs in (a).
Lanes 3–8, double labeling of COS cells expressing tau fragments. COS cells were transiently transfected with the tau constructs
described in (a). Cells were analyzed 48 h after transfection by double labeling with the anti-tau monoclonal antibody MN 7.51 (red
fluorescence) and with the ISEL procedure for DNA fragmentation (green fluorescence): (c) tau40, (d) dGAE, (e and f) tau151–391, (g)
tau 151–422, and (h) tau 151–441. i: Percentage of cells transfected with tau fragments undergoing apoptosis. Average 6 SE (bars)
values from at least three independent transfection experiments are reported. At least 500 transfected cells were scored for each
construct. Asterisks and solid squares over the columns indicate the statistical significance with respect to dGAE and to tau151–391,
respectively ( p , 0.001, except for tau 151–432, with p , 0.05).
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ison of NT-2 cells expressing fragments dGAE (Fig. 2a)
and tau151–391 (Fig. 2b and c) showed that the latter
was able to induce apoptosis in these cells as well. The
ratio between the number of apoptotic cells observed
with tau151–391 and that obtained with dGAE (shown as
fold increase of apoptotic cells) is comparable in NT-2
and COS cells (Fig. 2e). The fragment tau151–391 in-
duces morphological changes not associated with DNA
fragmentation in 3T3 fibroblasts and membrane blebbing
and nuclear pyknosis in human SH-SY5Y neuroblastoma
cells (data not shown).

Further mapping of apoptotic properties of tau
fragments

A further mapping of the apoptotic properties of tau
fragments showed that, unlike the C-terminal end, the
N-terminal region did not appear to influence the apo-

ptotic properties of tau fragments. Thus, fragment
Nt-dGAE (tau1–391), encompassing the first 150 amino
acids of tau (Fig. 3a), was as toxic as tau150–391 (Fig.
3b). Fragment tau-head, containing the N-terminal part
alone (tau1–150; Fig. 3a), did not affect cell viability and
was as harmless as the dGAE fragment (Fig. 3b).

In a subsequent series of experiments, the size of
fragment tau151–391 was reduced at its N and C termini
(Fig. 3c). N-terminal deletion of the first proline-rich
region P1 and C-terminal shortening of at least one of the
microtubule repeats reduce the apoptotic capacity of the
fragment, to a level intermediate between that of tau151–
391 and dGAE (Fig. 3d).

A transition point in the region immediately following
residue 422 divides toxic from nontoxic fragments. The
closeness of this transition point with a putative
caspase-3 cleavage site, located at residue 421, suggested
that the use of this site by caspase-3 in vivo could
generate apoptotic fragments from the normal protein.
Another potential caspase-3 recognition site starts at
residue 22 of tau. To verify the impact on cell viability of
tau fragments generated by the cleavage at either or both
sites, the corresponding tau fragments tau1–422, tau22–
441, and tau22–422 were expressed (Fig. 4a). The dele-
tion of the 19 C-terminal residues of tau turned it into an
effector of apoptosis, regardless of the presence of the
initial 21 residues (compare fragments tau1–422 and
tau22–422, Fig. 4b). In contrast, the expression of frag-
ment tau22–441 yielded no substantial apoptotic effect
(Fig. 4b).

Tau is substrate for caspase-3 in vitro
Tau contains three caspase-3 consensus recognition

sequences, located at, respectively, residues 22–25 (site
I), 338–341 (site II), and 418–421 (site III).

In previous work (Canu et al., 1998) we showed that,
when in vitro translated tau was treated with caspase-3,
the size of tau was reduced by;5 kDa. This is consistent
with cleavage at either or both sites I and III, whereas site
II was unlikely to be used.

To elucidate which of the two sites is used by
caspase-3, we generated tau mutants, in which sites I and
III were individually abolished (Fig. 5a). In vitro trans-
lated tau40 and the two mutants tau25* and tau421*
were treated with caspase-3 and analyzed by SDS-
PAGE. The results showed that only site III was used by
caspase-3, whereas sites I and II were not used (Fig. 5b).
Indeed, the molecular weight shift observed on incuba-
tion with caspase-3 was only observed for tau40 (Fig. 5b,
lanes 2 and 3) and tau25* (Fig. 5b, lanes 5 and 6),
whereas tau421* was unaffected by the protease (Fig. 5b,
lanes 8 and 9). The cleavage by caspase-3 was partially
inhibited by the specific caspase-3 inhibitorN-acetyl-
DEVD-aldehyde (Fig. 5b, lanes 4 and 7).

DISCUSSION

Neurodegeneration-associated gene products have
been shown to be substrate for apoptotic proteases of the

FIG. 2. Fragment tau151–391 induces apoptosis in human NT-2
cells. Human NT-2 cells were transiently transfected with the tau
constructs (a) dGAE and (b and c) tau151–391. Cells were ana-
lyzed 72 h after transfection by double labeling with the anti-tau
monoclonal antibody MN 7.51 (red fluorescence) and with the
ISEL procedure for DNA fragmentation (green fluorescence). d:
Undifferentiated NT-2 cells do not express endogenous tau, as
revealed by a western blot comparison of cells transfected with
tau40 (lane B) and untransfected NT-2 cells (lane A). e: The
number of transfected cells undergoing apoptosis was evalu-
ated 72 h after transfection. The ratio between the number of
apoptotic cells observed with tau151–391 and that obtained with
dGAE is expressed as fold increase of the number of apoptotic
cells and is shown for both NT-2 and COS cell transfectants.
Mean 6 SE (bars) results from at least three independent trans-
fection experiments for each cell line are reported. At least 500
transfected cells were scored for each construct.
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caspase family (Salvesen and Dixit, 1997). These include
huntingtin and other polyglutamine expansion disease-
associated proteins (Goldberg et al., 1996; Nasir et al.,
1996; Wellington et al., 1998) as well as the AD-asso-
ciated proteins presenilin-1, presenilin-2, and amyloid
precursor protein (Kim et al., 1997; Loetscher et al.,
1997; Barnes et al., 1998; Gervais et al., 1999; Van de
Craen et al., 1999; Weidemann et al., 1999). On the other
hand, many of the neurodegeneration-associated gene
products induce a proapoptotic phenotype in cultured
cells. These include polyglutamine expansion disease-
associated proteins (Igarashi et al., 1998; Sanchez et al.,

1999), mutant amyloid precursor protein (Yamatsuji
et al., 1996) and presenilins (Mattson and Guo, 1997),
and amyloidogenic Ab-peptides (Yankner et al., 1989;
Loo et al., 1993; LaFerla et al., 1995).

The microtubule-associated protein tau is the main
component of the neurofibrillary lesions found in AD
and in other neurodegenerative diseases, collectively
known as tauopathies (Mandelkow and Mandelkow,
1998; Spillantini and Goedert, 1998). In a culture model
of neuronal apoptosis, the production of tau fragments
was shown to be an early and reversible event, with
caspase-3 and calpain identified as proteases contributing

FIG. 3. Further mapping of the apoptotic properties of tau fragments. a: Schematic representation of tau fragments dGAE, tau151–391,
tau-head, and Nt-dGAE. b: The N-terminal portion of tau does not influence the apoptotic properties of tau fragments as shown in
apoptosis histograms. c: Schematic representation of tau fragments dGAE, tau151–391, P2-dGAE, tau 151–274, tau151–336, and
tau151–368. d: Microtubule repeats and proline-rich regions contribute to the apoptotic properties of tau as shown in apoptosis
histograms. The percentage of COS cells undergoing apoptosis, on transfection with the indicated tau constructs, was evaluated from
at least three independent experiments. Results are mean 6 SE (bars) values. At least 500 transfected cells were scored for each
construct. Asterisks indicate the statistical significance with respect to dGAE ( p , 0.01, at least, except for tau 151–368, with p , 0.05).
Solid squares indicate the statistical significance with respect to tau151–391 ( p , 0.05).
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to tau cleavage in vivo (Canu et al., 1998). We have
recently shown that the expression of a fragment of tau in
COS cells induces cell death by apoptosis (Fasulo et al.,
1998).

Thus, we postulate that tau may be part of a vicious
circle, in which not only is it a substrate for proteases
activated by subthreshold proapoptotic stimuli, but it also
induces apoptosis by virtue of the fragments generated
by those proteases. In this way, a positive-feedback in-
tracellular loop involving tau would be generated, similar
to the extracellular cycle that has been described for the
neurotoxic fragments generated by caspase-3 cleavage of
amyloid precursor protein (Gervais et al., 1999). This
form of self-propagating degeneration has been proposed
to apply to other proteins involved in neurodegenerative
diseases (Yuan and Yankner, 1999).

The aim of the present work was to investigate the
“apoptosis substrate and effector” hypothesis for tau. We
identified a class of tau fragments displaying apoptotic
capacity when expressed in different cells. The cell death
process was defined as apoptosis according to the fol-
lowing criteria: (a) membrane blebbing and nuclear con-
densation and breakdown, (b) DNA fragmentation, (c)
processing of PARP, and (d) protection by Bcl-2. Full
apoptotic capacity (as displayed by fragments tau151–
391 and tau151–422) corresponds to 45% of cells dying
of the total number of COS cell transfectants. Deletion
mapping experiments showed that the shortest fragment
with full apoptotic capacity is tau151–368, which com-
prises the proline-rich regions P1 and P2 as well as the
microtubule-binding domains R1 to R4. The longest

fragment with full apoptotic capacity is tau1–422, which
only lacks the 19 C-terminal residues.

We observed a transition point around residue 422,
with C-terminal extension yielding a nontoxic protein,
like full-length tau. This transition point overlaps with
one of the three putative caspase-3 cleavage sites present
in tau protein. We further showed that this site is the only
one that can be effectively used by caspase-3 in vitro.
This extends our previous work showing that tau could
be cleaved by caspases in a culture model of neuronal
apoptosis (Canu et al., 1998) and that one group of the
toxic fragments of tau colocalizes with DNA fragmenta-
tion in AD neurons (Ugolini et al., 1997). Showing in
vivo that apoptotic tau fragments are specifically gener-
ated in tau transfectants exposed to apoptotic stimuli will
provide conclusive evidence in favor of the apoptotic
substrate and effector hypothesis for tau. On the other
hand, the possible involvement of caspase 3 also in the
mechanism of apoptosis induced by tau fragments (be-
sides its role in generating apoptotic tau fragments) rep-
resents a separate although related issue, the clarification
of which will shed more light on the postulated positive
feedback mechanism.

These results show that the absence of the 19 C-
terminal residues of tau causes a dramatic change in the
properties of the protein, turning it into an apoptotic
effector. Various mechanisms can underlie this change:
(a) Cleavage of the C-terminal peptide may cause a
structural rearrangement of the remaining part of the
molecule, possibly by preventing an intramolecular in-
teraction; or (b) the C-terminal part of tau might be

FIG. 4. Expression of tau fragments corresponding to cleavage at either or both the putative caspase-3 sites I and III. a: Schematic
representation of tau fragments dGAE, tau151–391, tau1–422, tau22–441, and tau22–422. b: Quantification of the apoptosis induced
by these constructs. The percentage of COS cells undergoing apoptosis, on transfection with the indicated tau constructs, was
evaluated from at least three independent experiments. Results are mean 6 SE (bars) values. At least 500 transfected cells were scored
for each construct. Asterisks and solid squares over the columns indicate the statistical significance with respect to dGAE and to
tau151–391, respectively ( p , 0.001, except for tau151–432, with p , 0.05).
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involved in interactions with other cellular proteins, in-
cluding tau itself. In this case, cleavage of this peptide
would destroy these interactions. As a step toward a
mechanistic understanding of the function of the C-
terminal peptide, the solution structure of tau 423–441
was determined by NMR spectroscopy (Esposito et al.,
2000). The peptide displays a well-defined right-handed

a-helix structure, and the helical conformation is stabi-
lized by a C-terminal capping motif, involving the gly-
cine residue at the penultimate position. The structure
exhibited by tau423–441 may play a role in the proteol-
ysis of tau in the cell. Thus, an exposed frayed helix
C-terminal end would not escape processing by cellular
carboxypeptidases, leading to progressive unwinding of
the helix. By contrast, a blocked helix should exhibit a
greater resistance. Cleavage of tau at residue 421 by
caspase-3 could make the protein more prone to further
proteolysis, generating apoptotic fragments not contain-
ing the so-called site III for caspase 3.

It is noteworthy that isolated AD paired helical fila-
ments, as well as AD neurons, contain a large number of
fragments of tau (Novak et al., 1991, 1993; Goedert
et al., 1992; Mercken et al., 1995; Bednarski and Lynch,
1996; Johnson et al., 1997). A large proportion of these
fragments terminates at residue Glu391 (Novak et al.,
1993; Ugolini et al., 1997). During C-terminal proteoly-
sis, this residue might constitute an accumulation point
that proteases are not able to overcome. Accumulation of
fragments ending at Glu391 might be due to an intrinsic
resistance to proteolysis of the upstream region, which
has a predicteda-helical structure (Ruben et al., 1991),
or to a concomitant pathological aggregation process,
involving the microtubule-binding domains (Schweers
et al., 1995). The relationship between tau aggregation
and its apoptotic properties is presently unclear.

In conclusion, we have established a link between tau
as a substrate of proteases activated in the course of
apoptosis and the generation of tau fragments as effec-
tors of apoptosis themselves, a feed-forward vicious cir-
cle that may affect cell viability starting from a sub-
threshold activation step. It is interesting that increased
levels of caspase-3 have been recently found in dying
neurons from human AD brains (Gervais et al., 1999).
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