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Aggregation and cleavage are two hallmarks of Tau pathology in Alzheimer disease (AD), and abnormal frag-
mentation of Tau is thought to contribute to the nucleation of Tau paired helical filaments. Clearance of the
abnormally modified protein could occur by the ubiquitin–proteasome and autophagy–lysosomal pathways,
the two major routes for protein degradation in cells. There is a debate on which of these pathways contrib-
utes to clearance of Tau protein and of the abnormal Tau aggregates formed in AD. Here, we demonstrate in
an inducible neuronal cell model of tauopathy that the autophagy–lysosomal system contributes to both Tau
fragmentation into pro-aggregating forms and to clearance of Tau aggregates. Inhibition of macroautophagy
enhances Tau aggregation and cytotoxicity. The Tau repeat domain can be cleaved near the N terminus by a
cytosolic protease to generate the fragment F1. Additional cleavage near the C terminus by the lysosomal
protease cathepsin L is required to generate Tau fragments F2 and F3 that are highly amyloidogenic and
capable of seeding the aggregation of Tau. We identify in this work that components of a selective form of
autophagy, chaperone-mediated autophagy, are involved in the delivery of cytosolic Tau to lysosomes for
this limited cleavage. However, F1 does not fully enter the lysosome but remains associated with the
lysosomal membrane. Inefficient translocation of the Tau fragments across the lysosomal membrane
seems to promote formation of Tau oligomers at the surface of these organelles which may act as precursors
of aggregation and interfere with lysosomal functioning.

INTRODUCTION

Tau is a neuronal cytosolic protein that stabilizes microtubules
and thus enables them to carry out their role as cytoskeletal
elements and tracks for axonal transport. Tau is a highly
soluble, natively unfolded protein which contains very little
secondary structure. Its domains can be broadly subdivided
into the C-terminal half, which contains three or four imper-
fectly repeated motifs involved in binding to microtubules,
and the N-terminal half that projects away from the microtu-
bule surface. Abnormal aggregates of Tau [neurofibrillary
tangles, consisting of paired helical filaments (PHFs)] are
hallmarks of several neurodegenerative diseases including
Alzheimer disease (AD) and other tauopathies (1,2). The
aggregation of Tau in the brain is based on the repeat
domain and its tendency to convert to cross-b-structure (3).

Elevation of fragmented Tau in the cerebrospinal fluid is an
early marker of AD (4,5). Limited proteolysis of other
pathogenic proteins, such as polyglutamine proteins and a-
synuclein, plays a critical role in the pathogenesis of neurode-
generative diseases (6,7). Likewise, Tau aggregation can be
accelerated by proteolytic cleavage which generates amyloido-
genic fragments (8–11). Consequently, cellular conditions that
increase Tau levels and fragmentation could favor formation
of aggregates.

Intracellular levels of proteins are regulated by a balanced
equilibrium between their synthesis and degradation. Two
major proteolytic systems contribute to protein degradation
inside cells, the ubiquitin–proteasome system and the
autophagy–lysosomal system. The identification of ubiquitin
in PHFs in AD brain has led to the speculation that the
ubiquitin–proteasome system may have an important role in
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Tau degradation (12). Since then, a number of studies have
investigated the effect of proteasomal inhibition on Tau
metabolism. Some groups reported that proteasomal inhibition
caused elevation of Tau (13,14), whereas other studies
suggested that Tau is not a proteasome substrate (15–17).
Recently, several groups showed that Tau hyperphosphory-
lated at Ser-Pro or Thr-Pro motifs flanking the repeat
domain can be ubiquitinated by the CHIP–hsc70 complex
and degraded through the proteasome system (18,19).
However, Tau phosphorylated at the KXGS (K, lysine; X,
any amino acid; G, Glycine; S, Serine) motifs in the repeat
domain is not degraded by this pathway (20). Therefore,
until now, it remains unclear whether Tau is normally
degraded by the proteasome system or not. The other major
route for the degradation of proteins in eukaryotic cells is
through the autophagy–lysosomal system, which includes
three main pathways for the delivery of cargo to lysosomes:
macroautophagy, microautophagy and chaperone-mediated
autophagy (CMA) (21). The alteration of the lysosomal
system in AD has already been extensively demonstrated
(22–24). There is evidence showing that cathepsin B closely
associates with intracellular neurofibrillary tangles in AD
brains (25). Tau can be degraded by lysosomal proteases
such as cathepsin D in vitro and in the cytosol (26,27), and
inhibition of lysosomes can increase Tau levels (28). In
addition, Tau was found in lysosomes of skeletal muscles in
chloroquine myopathy (29) and in neurons in both AD brain
and control brain (30). Intriguingly, wild-type Tau protein
has been proposed to be necessary for proper macroautophagy
function, at least in a disease context. Nevertheless, the invol-
vement of different autophagy pathways in Tau clearance
remains poorly understood. Recently, induction of macroauto-
phagy by rapamycin has been shown to promote degradation
of detergent-insoluble mutant hTau40/P301L (31). Although
in this report basal macroautophagy did not contribute to Tau
clearance, studies in another cell model support clearance of
Tau by basal macroautophagy (32). Thus, more research is
required to clarify this controversy and also to elucidate the
possible contribution of other autophagic pathways in Tau
clearance. Among them, CMA is a type of autophagy that
degrades soluble cytosolic proteins containing a lysosomal tar-
geting motif (biochemically related to the pentapeptide
KFERQ) (33). The motif in the substrate proteins is recognized
by a cytosolic chaperone, the heat shock cognate of
70 kDa (hsc70), which transfers the substrate to lysosomes
where it binds to the lysosome-associated membrane protein
type 2A (LAMP-2A). After crossing the lysosomal membrane,
substrate proteins are degraded in the lysosomal lumen (34,35).
In AD brain, hsc70 is associated with neurofibrillary tangles
(36) and has been described to interact with Tau (19). Tau con-
tains two CMA-targeting motifs (336QVEVK340 and
347KDRVQ351) in its C-terminal region. However, up-to-date,
the role of CMA in the Tau degradation has not been
investigated yet.

In this study, we use an inducible mouse neuroblastoma N2a
cell model of tauopathy expressing the repeat domain of Tau
with a FTDP-17 mutation (TauRDDK280) (37), to test
whether the autophagy–lysosomal system plays a role in the
degradation of the protein and its aggregates. We found that
macroautophagy can efficiently degrade both soluble mutant

Tau and its aggregates, whereas proteasomal degradation
plays only a minor role in this system. Inhibition of macroau-
tophagy leads to enhanced aggregation and cytotoxicity of the
mutant Tau. Using an inducible N2a cell line expressing the
full-length wild-type isoform hTau40, we further demonstrate
that macroautophagy can also degrade full-length Tau. Phos-
phorylation in the repeat domain, which regulates the affinity
of Tau for microtubules, does not alter its sensitivity to autop-
hagy–lysosomal degradation. Surprisingly, we also found that
the lysosomal protease cathepsin L was involved in the clea-
vage of TauRDDK280, generating a fragment which strongly
promotes aggregation to PHFs. To determine the mechanism
involved in the targeting of Tau to lysosomes for this partial
cleavage we tested whether full-length Tau or Tau fragments
were substrates for CMA. We found that TauRDDK280 and
its F1 fragment interact with the cytosolic hsc70 chaperone
and this facilitates its binding to lysosomes in a manner
depending on the CMA receptor LAMP-2A. However, con-
trary to typical CMA substrate proteins, these forms of Tau
are not translocated into lysosomes by CMA. Instead, associ-
ation of Tau to lysosomes through the CMA machinery seems
to contribute to the cleavage of this mutant form of Tau and
the organization of the protein into oligomeric complexes
that may interfere with normal lysosomal function. We
propose that changes in lysosomal degradation of Tau as
well as direct effects of Tau on lysosomes can contribute to
pathogenesis in AD and other tauopathies.

RESULTS

Effects of perturbation of the autophagy–lysosomal
pathway on the cleavage and aggregation
of TauRDDK in N2a cells

We developed a cell model of tauopathy by expressing the
repeat domain of Tau with the DK280 mutation (denoted as
TauRDDK) in N2a cells in an inducible fashion (37). In this
cell model, part of the Tau protein undergoes stepwise proteo-
lytic processing to generate three fragments, first F1, then F2
and F3 (Fig. 1A). The fragments have a high propensity for
b-structure so that they function as seeds of aggregation of
TauRDDK or full-length Tau (hTau40DK) (9). Nevertheless,
switching off the mutant Tau expression leads to the disap-
pearance of the aggregates, showing that the cells retain the
machinery to degrade such aggregates. We therefore analyzed
the pathways involved in Tau degradation in this cell model
and found that proteasome inhibitors such as MG132 and
epoxomicin showed no effect on the clearance of Tau aggre-
gates detected in the pellet of sarkosyl extraction in the cells
(Fig. 1B). Thus, we focused on the autophagy–lysosomal
pathway as the alternative route for the degradation of aggre-
gates (38). Activation of macroautophagy is mediated by
a protein complex containing phosphatidyl-inositol-kinase
(PI3K). Consequently, inhibitors of PI3K-type III, such as
3-methyladenine (3-MA) can be used to block macroauto-
phagy without affecting other autophagic pathways (39). In
contrast, blockage of the activity of lysosomal proteases, for
example neutralizing the acid lysosomal pH by treatment
with NH4Cl, inhibits all types of lysosomal proteolysis (i.e.
macroautophagy, microautophagy or CMA). After treatment
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of cells with the two types of inhibitors followed by Sarkosyl
extraction to separate soluble and insoluble Tau, we found that
NH4Cl treatment dramatically reduced the generation of
fragments F2 and F3 and thus inhibited Tau aggregation (as
nearly no F2 and F3 were found in the sarkosyl pellets;
Fig. 1C, lanes 5–8). This result indicated that lysosomal
proteases were involved in the generation of F2 and F3. Pre-
viously, we showed that F1 was generated by a thrombin-like
activity (37). Consistent with this observation, NH4Cl treat-
ment did not influence the generation of F1, which is a prere-
quisite for further cleavage to F2 and F3. Interestingly,
treatment with 3-MA did not inhibit the generation of F2
and F3, on the contrary, it increased the level of all the Tau

fragments (80 and 60% increase for F2 and F3, respectively),
including aggregates (Fig. 1C, lane 4). This result suggested
that macroautophagy was involved in the degradation of
both the soluble Tau constructs and aggregates, but surpris-
ingly that the lysosomal cleavage of Tau did not result from
macroautophagy delivery to the lysosomal compartment. The
presence of Tau in purified fractions of autophagic vacuoles
(AVs) (Supplementary Material, Fig. S1A) and the partial
co-localization of Tau with microtubule-associated
light chain 3 (LC3), an autophagosome marker (Supplemen-
tary Material, Fig. S1B) confirmed that macroautophagy
plays a role in Tau degradation in this cell model, as
previously reported elsewhere (32). The identity and purity

Figure 1. Effects of NH4Cl and 3-MA on the cleavage, aggregation and cytotoxicity of TauRDDK in N2a cells. (A) Diagram of TauRD showing cleavage sites and
CMA recognition motifs. TauRD is first cleaved after K257 to generate F1, then after V363 to generate F2, and further after I360 to produce F3. The two CMA
recognition motifs are 336QVEVK340 and 347KDRVQ351. (B and C) Blot analysis of effects of proteasomal inhibitors (epoxomicin or MG132) (B) or autophagy–
lysosomal inhibitors (3-MA or NH4Cl) (C) on cleavage and oligomerization of TauRDDK. N2a cells overexpressing TauRDDK were treated with these inhibitors
for 5 days. Lanes labeled P (¼pellet) denote sarkosyl-insoluble Tau species, S (¼supernatant) indicates soluble proteins. Note that NH4Cl but not 3-MA inhibits
the cleavage and aggregation of TauRDDK. (D) ThS staining showing the influence of 3-MA and NH4Cl on Tau aggregation. (E) Quantification of ThS positive
cells, which increase �5-fold with 3-MA but not with NH4Cl. (F) Effects of NH4Cl and 3-MA on the cytotoxicity of TauRDDK in N2a cells. The excessive
cytotoxicity by Tau was obtained by subtracting cytotoxicity without Tau from cytotoxicity with Tau expression. Note that 3-MA but not NH4Cl aggravates
TauRDDK cytotoxicity.

Human Molecular Genetics, 2009, Vol. 18, No. 21 4155



of the AV-enriched fractions were confirmed by immunoblot-
ting using antibodies to LC3 (Supplementary Material,
Fig. S1A).

Next, we determined the effects of 3-MA or NH4Cl on Tau
aggregation by immunofluorescence using ThS to label Tau
aggregates in N2a cells. Upon treatment with 3-MA, the frac-
tion of ThS positive cells increased almost 5-fold, confirming
that macroautophagy plays a major role in preventing
accumulation of Tau aggregates (Fig. 1D and E). On the
other hand, NH4Cl treatment dramatically inhibited Tau
aggregation and ThS staining, consistent with the view that
lysosomes are responsible for the generation of the Tau frag-
ments F2 and F3 which in turn are necessary as seeds for
PHF aggregation.

We further verified the different effects of 3-MA and NH4Cl
on Tau aggregation by examining their influence on cytotox-
icity, because we had previously shown that in this cell
model the cytotoxicity was correlated with Tau aggregation
(37). If 3-MA treatment increases the amount of Tau aggre-
gates due to the inhibition of their degradation through macro-
autophagy, then higher cytotoxicity should be observed.
Accordingly, lower cytotoxicity should be obtained for
NH4Cl treatment, assuming that this inhibits the generation
of fragments F2 and F3 and thereby prevents Tau aggregation
(Fig. 1D, bottom). Expression of TauRDDK caused a small
but significant increase of LDH release after 2 days of
expression (Fig. 1F, column 1). NH4Cl treatment slightly
decreased cytotoxicity, whereas 3-MA dramatically enhanced
the toxicity (Fig. 1F, columns 2 and 3). This result confirms
that macroautophagy plays a role in the degradation of the
toxic protein aggregates, while inhibition of lysosomal pro-
teases results in the inhibition of Tau aggregation, likely
by preventing its limited cleavage into pro-aggregating
fragments.

Localization of Tau fragments in N2a cells

To further verify that F2 and F3 are produced by lysosomal pro-
teases, we determined the distribution of these fragments in
different subcellular fractions of the N2a cell model under
normal conditions or when lysosomal proteolysis is inhibited
(treatment with NH4Cl). The enrichment of organelles in these
fractions has been previously well characterized (40). The
expressed protein TauRDDK was visible in most fractions
except mitochondria (Fig. 2A). However, the combination of
TauRDDK and all fragments F1, F2 and F3 was unique to the lyso-
somal fraction (lane 5), whereas F1 occurred also in the cytosol
and ER fractions (Fig. 2C). The NH4Cl treatment dramatically
inhibited the production of F2 and F3 which were no longer
detectable in the lysosomal fraction (Fig. 2A, lane 11).These
data argue that F2 and F3 can be generated by lysosomal pro-
teases, whereas F1 is generated in the cytosol (see below, Fig. 3).

As a control, we analyzed an inducible N2a cell line expres-
sing TauRDDK/2P. This ‘anti-aggregation’ mutant cannot
aggregate because each of the two hexapeptide motifs in the
repeats R2 and R3 contain an Ile to Pro mutation which pre-
vents b-structure (37). This mutant Tau and its F1 fragment
were again found in most fractions including lysosomes
(Fig. 2B), indicating that the delivery of Tau to lysosomes
does not depend on aggregation. Notably, the anti-aggregation

mutant did not generate the F2 and F3 fragments, consistent
with the observation that a high b-propensity is required for
the cleavage (9).

Cleavage of Tau constructs by cytosol fraction, lysosomal
matrix fraction or lysosomal proteases

To further clarify the origin of the proteolytic processing of
TauRDDK, we incubated the protein separately with a
cytosol fraction or with a lysosomal matrix fraction (contain-
ing the proteases inside lysosomes, but without the lysosomal
membrane) prepared from rat liver (41) (Fig. 3A–C) or from
our N2a cell model (Fig. 3D and E). We generated recombi-
nant TauRDDK or F1 fragment, incubated the proteins with
the indicated fractions and monitored the time course of clea-
vage of TauRDDK to F1 by blotting. Figure 3A and D demon-
strates that a protease in the cytosol fractions cleaves
TauRDDK to F1, whereas the F1 fragment undergoes no
further cleavage. An analogous time course experiment was
performed with lysosomal fractions from liver or the N2a
cells, monitoring the fragmentation of F1 to F2 and F3
(Fig. 3C and E). These experiments confirmed that F1 is gen-
erated by the cytosolic fraction, whereas F2 and F3 are gener-
ated by lysosomal proteases (Fig. 3A and D).

In an attempt to identify the lysosomal proteases responsible
for the cleavage of F1, we examined whether recombinant F1
can be cleaved by cathepsin D, B or L. The assays were done
both at pH 4.5 (the pH of the lysosomal lumen) and pH 7.0
(pH of cytosol) in order to allow for the possibility that lysoso-
mal proteases might leak into the cytosol (as discussed below).

Figure 2. Distribution of Tau constructs in subcellular fractions of N2a cells.
N2a cells induced to express TauRDDK (A and C) or TauRDDK/2P (B) were
treated without or with NH4Cl for 5 days. The cell homogenates (homo)
were fractionated into nuclear pellet (NP), containing nuclei and unbroken
cells, cytosol (cyto), ER, mitochondria (Mito) and lysosomes (Lyso). To
clearly distinguish the F1 band from the intact TauRDDK band, the same
samples but only half of the amount used in (A) were loaded in (C). Note
that fragments F2 and F3 were only detected in the lysosomal fraction from
N2a cells expressing TauRDDK, whereas F1 can be detected in the cytosol
or ER fractions.
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Although cathepsin D has been shown to be able to degrade full-
length Tau (26,27) (confirmed here as well), it does not degrade
the Tau construct used here at the concentrations employed
(data not shown). Cathepsin B also did not digest F1 to F2 or
F3 at either pH (data not shown). In contrast, cathepsin L
degraded F1 completely and rapidly at acid pH and was effec-
tive even at neutral pH, generating fragments F2 and F3
(Fig. 3F). To validate that F1 is indeed cleaved by cathepsin
L in N2a cells, we treated N2a cells expressing TauRDDK

with the specific Cathepsin L Inhibitor IV (Sigma) and
checked its influence on the generation of F2 and F3. Treatment
of the N2a cells with this selective inhibitor also strongly
reduced the amount of F2 and F3 in a concentration-dependent
fashion (Fig. 3G), arguing that cathepsin L is indeed the pro-
tease responsible for the generation of F2 and F3. Consistent
with this, the inhibitor also decreased the fraction of ThS posi-
tive cells (Fig. 3H), as expected from the decrease of the F2 and
F3 fragments that nucleate the aggregation process.

Figure 3. Cleavage of Tau constructs by cytosol, lysosomal matrix or cathepsin L and release of lysosomal hydrolase b-hexosaminidase into the cytosol of N2a
cells caused by expression of TauRDDK. (A) TauRDDK incubated with cytosol fraction from rat liver. Note the appearance of fragment F1 (but not F2 or F3) and
oligomeric aggregates (mostly dimers). (B) F1 incubated with cytosol fraction from rat liver. Note that there is no cleavage of F1. (C) F1 incubated with lyso-
somal matrix fraction from rat liver. Note cleavage of F1 to F2 and F3, as well as generation of oligomers (dimers and trimers). (D) TauRDDK incubated with
cytosol fraction from N2a cells. Note appearance of fragment F1 and oligomers. (E) F1 incubated with lysosomal fraction from N2a cells. Note fragmentation to
F2 and F3. (F) Digestion of F1 by cathepsin L. Recombinant F1 (0.1 mg/ml) was incubated with 0.005, 0.06, 0.15, 0.3 or 0.6 U/l cathepsin L in 100 mM Na
acetate pH 4.5 or 100 mM Tris–HCl pH 7.0 for 60 min. Note that fragments F2 and F3 (arrows) are generated by cathepsin L at both pH 7.0 and pH 4.5.
(G) Cathepsin L inhibitor reduces generation of F2 and F3. N2a cells expressing TauRDDK were treated with cathepsin L inhibitor for 3 days at concentrations
up to 20 mM. Lanes labeled P (¼pellet) denote sarkosyl-insoluble Tau species, S (¼supernatant) indicates soluble proteins. (H) Cathepsin L inhibition also inhi-
bits aggregation of Tau. N2a cells expressing TauRDDK were treated without or with cathepsin L inhibitor for 3 days. ThS staining reveals that inhibition of
cathepsin L reduces Tau aggregation as well. (I) Expression of TauRDDK causes the release of lysosomal hydrolase b-hexosaminidase. N2a cells expressing
TauRDDK were induced to express Tau for 2 days. The cytosolic distribution of b-hexosaminidase is expressed as the percentage of total b-hexosaminidase
activity and is shown as mean+SEM of four different experiments (�P , 0.05).
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These results confirm thus that the generation of F2 and F3
occurs at the lysosomal compartment and is mainly a result of
specific cleavage of Tau by cathepsin L. These observations
prompt the question why the Tau constructs are not completely
degraded in the lysosomes. An alternative possibility is that
fragmentation also occurs by proteases that have leaked out
of the lysosomes into the cytosol, considering that cathepsin
L can cleave F1 even at neutral pH (Fig. 3F). Such a
leakage of lysosomal proteases has been suggested for
several cellular conditions before (26,42,43). We therefore
asked whether lysosomal leakage was promoted by the
expression of TauRDDK. This was measured by the activity
of b-hexosaminidase (a lysosomal hydrolase) in the cytosolic
fraction of N2a cells expressing TauRDDK and of control N2a
cells. Indeed, TauRDDK nearly doubled the amount of
b-hexosaminidase activity in the cytosolic fraction, confirm-
ing increased lysosomal leakage (Fig. 3I). These results
support that part of the F1 cleavage could occur in the
cytosol in close proximity to the leaky lysosomes. However,
the pronounced inhibitory effect of NH4Cl on the generation
of the fragments, still argues that most of the cleavage
occurs in the lysosomal lumen as it can be dramatically
decreased when the acid lysosomal pH is neutralized
(Fig. 1C).

Clearance of Tau by the autophagy–lysosomal system

The results described so far show that inhibition of macroau-
tophagy promotes Tau aggregation (Fig. 1C–E). However,
in these experiments, when macroautophagy is inhibited, the
cells continue to express Tau. It is therefore not clear,
whether Tau aggregation is enhanced because the degradation
of aggregates by macroautophagy is suppressed or because
newly synthesized Tau is not degraded properly and therefore
keeps accumulating and aggregating. To solve this problem,
we took advantage of the Tet-On inducible cell model that
allows switching off the Tau expression without interfering
with protein synthesis [this point is important because inhibitors
of protein synthesis such as cycloheximide are known to
interfere with autophagy-mediated protein clearance (44,45)].

We first induced the expression of TauRDDK for 6 days to
generate aggregates (Fig. 4A, lanes 1, 2). Then the protein
expression was switched off, and cells were maintained
untreated or treated for 2 days with 3-MA, or NH4Cl, as
labeled. Without inhibitor treatment, the majority of both
soluble and aggregated TauRDDK were removed after 2 days
of switching off (Fig. 4A, lanes 3 and 4). Treatment with
3-MA (lanes 5 and 6) or NH4Cl (lanes 7 and 8) dramatically
inhibited the degradation of the aggregates so that the level
of insoluble Tau protein was raised �3-fold over the switch-
off control (Fig. 4B). This result indicated that lysosomes con-
tribute to the degradation of Tau aggregates mostly through
macroautophagy. 3-MA and NH4Cl treatment also retarded
the degradation of soluble Tau constructs, but this effect was
not as strong as that on the aggregates. The observed effect
of 3-MA on the levels of F2 and F3 supports that once in
the aggregate fraction these products can be removed by
macroautophagy and provides an explanation to the increased
levels of F2 and F3 observed in Figure 1C. Thus, the higher

levels of F2 and F3 did not resulted from enhanced processing
but from decreased clearance by macroautophagy.

Next, we examined whether full-length soluble wild-type
Tau can also be degraded by macroautophagy. Since there is
a debate on the role of proteasome in the degradation of Tau
(13,15,16,18), we initially tested the effects of proteasome
inhibitors such as MG132 and epoxomycin, both of which
had only a small effect on the level of Tau (Fig. 4C, top,
lanes 2 and 3). In contrast, autophagy inhibitor 3-MA
increased the level of hTau40wt (45% increase, Fig. 4C, top,
lanes 4 and D, column 4), demonstrating that the degradation
of full-length Tau also occurred by the lysosomal system.
b-Catenin, a well-characterized proteasome substrate, is
shown as positive control in Figure 4C. Degradation of
full-length wild-type Tau via macroautophagy was consider-
ably slower than of p62, a protein known to undergo degra-
dation both by the proteasome and macroautophagy
(Fig. 4C). Since recent reports demonstrated that Tau phos-
phorylated at the KXGS motifs of the repeat domain is less
susceptible to proteasomal degradation mediated by Hsp90
(20,46), we suspected that this kind of phosphorylated Tau
may be preferentially degraded via the lysosome. In N2a
cells, part of the expressed Tau is phosphorylated at the
KXGS motifs of the repeats [presumably by the kinase
MARK, 37)]. Thus we checked the effects of inhibitors on
the degradation of KXGS-phosphorylated full-length Tau,
using an antibody that selectively recognizes phosphorylated
KXGS motifs in Tau (12E8). Again, proteasomal inhibitors
had little effect on the level of KXGS-phosphorylated protein
(Fig. 4C, second panel, lanes 2–3 and E, columns 2–3). In
contrast, 3-MA increased the level of KXGS-phosphorylated
Tau even to a higher extent than for unmodified Tau (150%
increase, Fig. 4C, second panel, lane 4 and E, column 4), indi-
cating that macroautophagy also plays a major role in the
degradation of the KXGS-phosphorylated protein. Furthermore,
we made a Tau construct hTau40/KXGE in which all four
serines of the KXGS motifs in the repeat domain were
mutated to glutamic acid (E) in order to mimic Tau phosphoryl-
ation at these sites. We checked the influence of both the
proteasomal and the lysosomal system on the degradation of
this pseudophosphorylated Tau and found that only macroauto-
phagy inhibition caused a dramatic elevation of the protein
level (240%, Fig. 4C, panel 8, lane 4 and F, column 4). This
result strengthens our observation that Tau phosphorylated at
the repeat domains is degraded by macroautophagy.

Mutant Tau uses CMA in an unconventional way

As discussed above, the general inhibition of lysosomes by
NH4Cl disrupted the generation of fragments F2 and F3 and
thus inhibited aggregation of TauRDDK, whereas inhibition
of macroautophagy (by 3-MA) increased F2 and F3 as well
as soluble and aggregated TauRDDK by inhibiting degradation.
These data suggested that F1 can reach the lysosomal compart-
ment by a pathway different from macroautophagy in order to
undergo cleavage. We asked whether another form of autop-
hagy, CMA, was the mechanism for delivery of Tau into the
lysosomal lumen responsible for the generation of the patho-
genic fragments. CMA has been shown to contribute to the
degradation of a-synuclein, the protein that accumulates in
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Figure 4. Degradation of Tau by macroautophagy. (A) Blot analysis of effects of inhibiting macroautophagy or lysosomes on Tau clearance. N2a cells expressed
TauRDDK for 6 days, then expression was switched off and cells were treated with or without inhibitors for 2 days. Equal amounts of protein were loaded and
checked against actin (A, lower panel). Lanes 1 and 2 show that expression of TauRDDK generates aggregates in the pellet, fragmentation and a higher molecular
weight smear. Stopping expression allows cells to clear most soluble TauRDDK and aggregates (lane 4), but clearance is impaired if autophagy (3-MA, lane 6) or
lysosomal proteases (NH4Cl, lane 8) are inhibited. (B) Quantification of effect of 3-MA and NH4Cl on TauRDDK280 clearance. (C) Blot analysis of effects of
inhibiting proteasome, macroautophagy or lysosomes on hTau40wt or hTau40/KXGE clearance. N2a cells expressed stably hTau40wt or transiently hTau40/
KXGE were induced to express Tau for 2 days, then expression was switched off and cells were treated for 1 day with proteasome inhibitors (MG132 or epox-
omicin) or 3-MA, or without inhibitor (control). Total Tau and Tau phosphorylated in the repeat domain(KXGS motifs) were determined with antibodies K9JA
and 12E8. The level of b-catenin or p62 was measured to check the extent of the inhibition of the proteasomal or macroautophagy system. (D–F) Quantification
of the effect of inhibitors on the clearance of hTau40wt (45% increase with 3-MA) (D), phospho-Tau (140% increase) (E) or hTau40/KXGE (240% increase) (F).
Values are expressed as relative protein amount compared with the control (mean+SE of three experiments). Inhibiting the proteasome has a minor effect,
whereas inhibiting macroautophagy or lysosomes causes build-up of Tau. Note that Tau phosphorylated at KXGS motifs is a preferred target for macroautophagy
(E, column 4).
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Lewy bodies in brains of Parkinson disease patients (47,48).
We noted that the Tau sequence contains two putative
CMA-targeting motifs (33). These are 336QVEVK340 and
347KDRVQ351, both in repeat R4 just upstream of the
C-terminal end of F2 or F3 (Fig. 1A). To determine whether
Tau could be translocated into the lysosomal lumen via
CMA, we used a previously optimized in vitro assay with
intact isolated lysosomes that allows measuring binding,
uptake and degradation via CMA (41,49,50). An essential
requirement to assess direct translocation is that the integrity
of the lysosomal membrane is preserved during the incubation,
as leakage of lysosomal enzymes will lead to degradation of
the substrates outside lysosomes. This was a major concern
in these studies in light of the increased levels of lysosomal
enzymes observed in cells expressing the pathogenic forms
of Tau (Fig. 3I). We first examined the effects of Tau con-
structs on the stability of the lysosomal membranes by moni-
toring the release of b-hexosaminidase in isolated lysosomes
incubated directly with the different Tau proteins (51). As
illustrated in Supplementary Material, Figure S2, under the
incubation conditions of the assay, none of the Tau constructs
caused an increase of enzyme activity outside lysosomes
above that of the control, indicating that lysosomal membranes
are not directly perturbed by the Tau constructs. These results
are clearly in contrast to the increased leakage observed in the
culture cells expressing TauRDDK, thus suggesting that the
disruptive effect of the pathogenic products on the lysosomal
membrane may happen when they are present inside the lyso-
somal lumen but not when presented to the cytosolic side of
the membrane.

Because the integrity of the lysosomal membrane was com-
parable to lysosomes incubated alone, we were able to use
these assays to test the binding and uptake of Tau by CMA
into lysosomes. We found that all Tau constructs associated
with lysosomes and that their association was enhanced
when lysosomal proteolysis was blocked (Fig. 5A). Lysosomal
association of full-length wild-type and mutant Tau was com-
parable to that observed with other CMA substrates (ribonu-
clease A is shown here), whereas truncated TauRDDK and its
F1 fragment displayed significantly higher association
(Fig. 5B). Interestingly, incubation of these two forms of
Tau with lysosomes lead to the formation of oligomers of
the protein (well-resolved dimers and trimers when lysosomal
proteases were inhibited and additional intermediate oligo-
meric forms in the absence of protease inhibitors) (Fig. 5A,
panels 3 and 4), indicating that the interaction of these trun-
cated forms of Tau with the lysosomal membrane promotes
their oligomerization. This is consistent with the well-known
tendency of Tau to self-associate on negatively charged sur-
faces [e.g. arachidonic acid micelles, carboxylated beads and
even microtubules (52–55)].

According to the usual interpretation of in vitro uptake
assay, the fact that inhibition of lysosomal proteolysis
increased the amount of Tau associated to lysosomes
suggested that part of these Tau proteins was translocated
into lysosomes. However, as an independent test for Tau
uptake across the lysosomal membrane, we compared the
association of Tau constructs to lysosomes at 4 and 378C.
This assay is based on the fact that the binding of protein to
lysosomal membranes takes place even at low temperatures,

whereas the translocation of protein across the membrane is
temperature-dependent and it will not take place below 208C
(56). As shown in Figure 5C, in contrast to the well-
characterized CMA substrate RNase A for which inhibition
of lysosomal proteases only increased the amount associated
to lysosomes (uptake) at 378C (Fig. 5C left panel compare
lanes 4 and 6), the pattern of the association of all Tau con-
structs to lysosomes (full size and TauRDDK shown here)
was very similar at both temperatures, supporting the view
that they were not being translocated into the lysosomal
lumen, but that they bind with very high affinity to the mem-
brane. Oligomeric forms of TauRDDK were found associated
with lysosomes even at low temperatures, further supporting
their formation at the lysosomal membrane.

Finally, we confirmed that the association of Tau occurred
only on the cytosolic side of the lysosomal membrane. This
was done by analyzing the resistance of Tau associated
with lysosomes to exogenously added proteases, reasoning
that if Tau were bound to the external surface it would be
accessible for digestion. As shown in Figure 5D, proteinase
K or trypsin rapidly degraded Tau associated with lysosomes,
showing that Tau proteins were not protected by the lysoso-
mal membrane, whereas the same treatment in lysosomes
incubated with RNase A revealed the presence of a portion
of the protein protected from the exogenous protease and
hence located in the lysosomal lumen (Fig. 5D, left panel).
Taken together, these results demonstrate that although Tau
binds to lysosomes, there is no detectable uptake of any of
the Tau proteins analyzed in this study across the lysosomal
membrane.

To gain further insight into the nature of the association
of the different forms of Tau with the lysosomal membrane
and whether binding was taking place through components
shared with CMA, we performed a competition assay with a
well-characterized CMA substrate [glyceraldehyde-3-phos-
phate-dehydrogenase (GAPDH)] and a non-CMA substrate
(ovalbumin). Neither GAPDH nor ovalbumin made a signifi-
cant difference to the level of the different forms of
Tau associated with lysosomes, except for the F1 fragment,
which could be efficiently competed by the CMA substrate
but not by ovalbumin (Fig. 6A–C). The lack of competition
by GAPDH implies that full-length Tau does not use CMA
components to bind to lysosomes or that the affinity of Tau
for the CMA components was highly superior to that of the
standard CMA substrates. To discriminate between these
two possibilities, we checked whether the different forms of
Tau that could not be competed with CMA substrates, had
an effect on uptake of other substrates by CMA. As shown
in Figure 6D and E, whereas full-length Tau proteins and
the F3 fragment did not have a significant effect on the degra-
dation of a pool of CMA substrates by lysosomes, both
TauRDDK and its F1 fragment inhibited the degradation of
CMA substrates, and they did so to an extent significantly
higher than other well-characterized CMA substrate proteins
(GAPDH shown here; Fig. 6D and E). These results are in
agreement with the higher binding to lysosomes observed
for TauRDDK and F1 (Fig. 5B). On the basis of the lack of
inhibitory effect of full-size Tau proteins on uptake of CMA
substrates and the inability of CMA substrates to compete
with Tau binding, we conclude that association of full-size
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Figure 5. Association of different forms of Tau with isolated lysosomes. (A) Association of the indicated forms of Tau (2 mg) with isolated lysosomes untreated
or pre-treated with protease inhibitors (PI). Lanes 2–3, 4–5 show two independent incubations. Input (lane 1): 1/10 of total protein added to lysosomes. Arrows
denote intact Tau constructs. Higher molecular weight forms of Tau (olig) can be detected for TauRDDK and to a lesser extent for F1 (panels 3 and 4,). For
hTau40wt and hTau40DK, with protease inhibitors, more intact Tau was detected (panels 1 and 2, lanes 3, 5). (B) Quantification of the amount of the indicated
forms of Tau associated to lysosomes when incubated under the same conditions. Values are expressed as percentage of the total protein added to the reaction and
are mean+SEM of six different experiments (�P , 0.05). Binding of ribonuclease A (RNase A), under the same conditions is shown as reference. (C) Tau fails
to translocate across the lysosomal membrane. Intact rat liver lysosomes treated or not with protease inhibitors were incubated with RNase A and the indicated
forms of Tau at 48C (lanes 3, 4) or 378C (lanes 5, 6). Increase association at 378C in the presence of protease inhibitors (indicative of lysosomal uptake) only
occurred for RNase A. The similarity of Tau patterns at both temperatures shows that there is no uptake of Tau by CMA. Lanes 1 and 2 show the proteins
incubated alone (1/10 of the total protein was added into the gel). (D) Lysosomal Tau is associated to the cytosolic side of the lysosomal membrane as determined
by protease protection assay. Lysosomes previously treated with lysosomal protease inhibitors and incubated with the indicated proteins were recovered by cen-
trifugation and resuspended in medium alone (2) or supplemented with trypsin (Try) or proteinase K (Pr K). Note that Tau is on the cytosolic side of the lyso-
somes because it is completely digested after protease treatment, whereas the fraction of RNase A translocated into lysosomes becomes protected from the
exogenous proteases.
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Figure 6. Competition of the lysosomal association of different forms of Tau by substrates of CMA. (A) Effects of CMA substrate (GAPDH) and CMA non-
substrate (ovalbumin) on binding and uptake of Tau by lysosomes. The different forms of Tau proteins (2 mg) and the indicated increasing concentrations of
GAPDH or ovalbumin (Oval) were incubated with intact isolated lysosomes previously treated with protease inhibitors. Lane 1 shows 1/10 of the input (i)
and insets show the amount of GAPDH associated with the lysosomal membranes. Only association of the F1 fragment and of RNase A (shown here as a positive
control) could be competed by increasing concentrations of GAPDH, whereas ovalbumin did not modify lysosomal binding. (B) The percentage of the different
Tau proteins and of RNase A bound to the lysosomal membrane in the presence of increasing concentrations of GAPDH was quantified in four experiments
similar to the ones shown in (A). Values are mean+SEM. (C) The maximal inhibition on Tau binding attained by GAPDH was calculated in four experiments
similar to the ones shown in (A). Values are mean+SEM (�P , 0.05). (D and E) Effect of different Tau proteins or GAPDH on the degradation of a pool of
CMA substrates by intact lysosomes. Values expressed as % of proteolysis in the absence of Tau (D) or % of maximal inhibition of the degradation of the pool of
proteins (E). Values are mean+SEM of two experiments with triplicate samples. (�P , 0.05 compared with wild-type full-size Tau and §P , 0.05 compared
with the inhibitory effect of GAPDH).
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Tau with lysosomes, at least in this system, is independent of
CMA. In contrast, mutant TauRDDK and its F1 fragment exert
an inhibitory effect on CMA as a result of their high affinity
for the CMA machinery. Further studies are required to
clarify why—despite the fact that CMA substrates can effi-
ciently compete lysosomal binding of F1 (Fig. 6A, bottom
left panel)—this fragment exerts such pronounced inhibitory
effect on CMA (Fig. 6D and E). In this respect, we observed
that whereas CMA substrates such as GAPDH can still
compete lysosomal binding of F1 in its monomeric state, the
effect of GAPDH on the oligomers of F1 bound to the lysoso-
mal membrane was negligible (Supplementary Material,
Fig. S3). This result suggests that the oligomers of the trun-
cated F1 Tau protein detected at the lysosomal membrane
are likely the main cause for the inhibitory effect of the Tau
fragments on CMA.

To demonstrate that association of TauRDDK and F1 with
lysosomes depends on components of the CMA machinery,
we examined whether these Tau constructs were able to interact
with hsc70, the chaperone reported to mediate delivery of sub-
strates to the CMA receptor. When TauRDDK or F1 were incu-
bated with GST–hsc70, these Tau constructs were pulled
down by GSH-beads (Fig. 7A, lanes 5 and 7), consistent with
the report that hsc70 interacts with full-length Tau (57). To
determine whether the hsc70/Tau interaction occurred at the
CMA-targeting motifs identified in the sequence of Tau, we
then mutated these motifs 336QVEVK340 and 347KDRVQ351

by replacing 336QV337 or 350VQ351 with AA residues. Mutation
of these residues almost completely abolished the interaction of
TauRDDK and F1 with hsc70 (Fig. 7A, lanes 6 and 8), suggesting
that these CMA motifs are important for the interaction with
hsc70. We also confirmed binding of hsc70 to Tau through
those domains in intact cells. The interaction of TauRDDK and
F1 constructs with endogenous hsc70 analyzed in N2a cells by
immunoprecipitation, also revealed a marked reduction in Tau
binding with hsc70 when the CMA motifs were no longer
present (Fig. 7B). We further analyzed the direct influence of
the mutation of CMA motifs on the fragmentation and degra-
dation of these Tau constructs in N2a cells and found that the
mutations of CMA motifs in TauRDDK strongly inhibited the
generation of F2 and F3, as nearly no F2 and F3 were detected
in the sarkosyl pellet (Fig. 7C, lane 4). This result indicates
that binding to hsc70 is essential for TauRDDK to be targeted
to lysosomes and consequently undergo cleavage. Interestingly,
in contrast to the complete blockage of cleavage in mutant
TauRDDK, the mutations of CMA motifs in F1 block the gener-
ation of F3 but not F2 (Fig. 7C, lane 8), suggesting that binding
to hsc70 is not necessary for F1 to be targeted to lysosomes for
fragmentation. The failure of generation of F3 may be a result of
the conformational changes caused by these CMA motif
mutations, as we know that the cleavage of F2 to F3 is dependent
on the b-structure and the disruption of the b-structure with
Proline mutations could block this cleavage (9). However, it is
also possible that although not necessary for targeting, the
CMA motifs could be needed for interaction with the hsc70
present in lysosomes (lys-hsc70) and that this binding is required
for the cleavage of F2 to F3.

To directly address the effect of the CMA mutations on the
interaction of Tau with lysosomes, we incubated the modified
proteins with intact lysosomes previously treated or not with

protease inhibitors. Mutation of the CMA motifs in
TauRDDK drastically reduced the amount of protein associated
to lysosomes both in the presence and in the absence of pro-
tease inhibitors (Fig. 8A and B). Levels of Tau oligomers at
the lysosomal membrane were also reduced (Fig. 8A, left
compare lanes 1–6 and 8–13), supporting that their formation
was dependent on their delivery to lysosomes through CMA
components. In contrast, mutation of the CMA motif did not

Figure 7. Effects of mutation of CMA motifs on the interaction of Tau con-
structs with hsc70 and Tau degradation. (A) Interaction of recombinant
TauRDDK, TauRDDK CMA mut (CMA recognition motifs mutated), F1 or
F1 CMA mut with GST-hsc70 in vitro. Note that there is an interaction
between hsc70 and TauRDDK or F1 in vitro (lanes 5, 7) and the CMA motif
mutations reduced this interaction (lanes 6, 8). (B) Interaction of TauRDDK,
TauRDDK CMA mut, F1 or F1 CMA mut with endogenous hsc70 in N2a
cells. There is a strong interaction between hsc70 and TauRDDK as well as
F1 in cells (lanes 5, 7), but reduced interaction between hsc70 and the Tau
mutants (lanes 6, 8). (C) Mutation of the CMA motifs blocks TauRDDK280
cleavage and the generation of F3 from F1. S and P denote supernatant and
pellet of sarkosyl extraction, respectively. Note the absence of F3 in the
pellet in lanes 4 and 8.
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have a significant effect on the association of F1 to the lysoso-
mal membrane or the formation of F1 oligomers in lysosomes
with preserved proteolytic activity (Fig. 8A, right compare
lanes 1–3 and 8–10 and B, left), but it did markedly reduce

the amount of protein associated to the membrane when lysoso-
mal proteolysis was inhibited (Fig. 8A and B right). This result
indicates that binding of F1 to the lysosomal membrane is inde-
pendent of the interaction of hsc70 with the CMA targeting

Figure 8. Effect of inhibition of CMA components on CMA uptake of Tau proteins. (A) Lysosomal association of TauRDDK, F1 and its CMA mutants. Increas-
ing concentrations of Tau proteins (as indicated) were incubated with freshly isolated intact lysosomes treated (þ) or not (none) with protease inhibitors (PI).
i¼input (0.2 mg). (B) Quantification of lysosomal binding of the Tau proteins to untreated lysosomes (left) or lysosomes treated with protease inhibitors (right)
calculated from three experiments as the ones shown in (A). Values are expressed as percentage of the total protein added and are given as mean+SEM (�P ,

0.05). (C) Effect of antibody blockage of lysosomal CMA components on the association of Tau proteins to lysosomes. The indicated Tau proteins were incu-
bated with freshly isolated intact lysosomes pre-incubated or not with antibodies against LAMP-2A (anti-L2A) and LAMP-2B (anti-L2B). (D) Effects of knock-
down of LAMP-2A on TauRDDK280 fragmentation and aggregation. N2a cells infected with LAMP-2A (L2A) shRNA or control shRNA (CTR) lentivirus for
20 days were induced to express TauRDDK280 for 3 days. Then sarkosyl extraction was used to separate soluble and insoluble Tau. Right panel, S and P denote
sarkosyl supernatant and pellet, respectively. Left panel shows efficiency of knock-down for LAMP-2A. Actin was used as a loading control. Note: LAMP-2A
shRNA knocks down the expression of LAMP-2A and reduces the generation of F2 and F3.
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motif in this protein, but binding to hsc70 may be required to
retain the protein at lysosomes until cleavage occurs.

We then analyzed the dependence of lysosomal binding of
TauRDDK and F1 on the other main component of CMA at
the lysosomal membrane, the receptor LAMP-2A. To this
end, we blocked the cytosolic tail of LAMP-2A, where
CMA substrates have been shown to bind, with an antibody
against this region, and compared the binding levels for each
of the Tau variants. As shown in Figure 8C lysosomal
binding of TauRDDK and F1 mainly takes place through
LAMP-2A as it can be drastically reduced by antibodies
against this protein (Fig. 8C, compare samples in lanes 1
and 2), whereas blockage of the cytosolic tail of a different
LAMP-2 variant, LAMP-2B, did not have any effect
(Fig. 8C, compare samples in lanes 3 and 4). In summary,
our results support that TauRDDK is targeted to lysosomes
via CMA (as it interacts with both hsc70 and LAMP-2A),
whereas the F1 fragment does not require the interaction
with cytosolic hsc70 for lysosomal targeting, but it still
binds to the CMA receptor at the lysosomal membrane.

To demonstrate the dependence on CMA of the lysosomal
delivery of Tau that results in its limited cleavage, we
blocked CMA in cultured N2a cells using siRNA against
LAMP-2A (Fig. 8D, left panel) as described before (58). As
shown in Figure 8D (right panel), inhibition of CMA resulted
in a marked decrease in the generation of F2 and F3 fragments
(compare lanes 2 and 4). These results confirm the require-
ment for binding of Tau to LAMP-2A in order to undergo
lysosomal cleavage.

Taken together, our results demonstrated that mutant Tau is
delivered and binds to lysosomes via CMA components, but,
in contrast to conventional CMA substrates, there is no detect-
able uptake of Tau proteins across the lysosomal membrane.
The fact that even the cleaved products remain associated to
the membrane suggests that cleavage occurs in proteins
tightly bound to the membrane, more likely through
LAMP-2A or partially translocated. Because our data
support that F2 and F3 cleavage is mediated by cathepsin L,
a protease located in the lumen (Fig. 3F), and that this clea-
vage is still susceptible to changes in the lysosomal pH
(Fig. 1C), we propose that Tau inserts into the lysosomal
membrane with its C terminus first, likely through the CMA
translocation complex. Once the C terminus reaches the
lumen, cathepsin L cleaves F1 to form the F2 and F3 frag-
ments that initially remain associated to the lysosomal mem-
brane (see model in Fig. 9 and details in Supplementary
Material, Fig. S4). The presence of these partially translocated
products at the lysosomal membrane can thus explain their
inhibitory effect on the binding/translocation of other CMA
substrates. This two-step translocation pathway is reminiscent
of other CMA substrates such as ribonuclease A (59).

DISCUSSION

The ubiquitin–proteasome system and the autophagy–
lysosome system are the two major cellular protein degra-
dation pathways. Up to now, the degradation of Tau by the
ubiquitin–proteasome system has been investigated by
several authors (13,14,16,17,20), whereas the involvement of

the autophagy–lysosome system has received less attention
(23,31,38). Here, we demonstrated that both soluble Tau and
Tau aggregates can be degraded by the autophagy–lysosomal
system in a cell model of tauopathy expressing the
pro-aggregation mutant TauRDDK280. Inhibition of macroau-
tophagy led to enhanced Tau aggregation and cytotoxicity, as
seen by a strong increase of thioflavin S-stained cells, imply-
ing that macroautophagy plays an important role in preventing
Tau aggregation. In agreement with this scenario, it has been
reported that disruption of autophagy led to the accumulation
of abnormal proteins in neurons (60,61). In AD brain, the
autophagy–lysosomal system is disturbed, which may
promote the accumulation of b-amyloid (24,62). Altogether,
the data indicate that the autophagy–lysosomal pathway is
involved in the pathogenesis of the two hallmarks of AD,
amyloid plaques and neurofibrillary tangles. In addition, the
presence in the sequence of Tau of two targeting motifs for
CMA (336QVEVK340 and 347KDRVQ351), a form of autop-
hagy selective for soluble cytosolic proteins, and the recently
described association of Tau with hsc70 (19), the cytosolic
chaperone responsible for targeting of the CMA substrates to
lysosomes, prompted us to investigate its possible contribution
to Tau clearance. Although full-size wild-type and mutant
were able to associate to lysosomes, at least in our experimen-
tal model, association was independent of CMA, since binding
of these proteins to isolated lysosomes did not modify or was
modified by binding of CMA substrates (Fig. 6). In addition,
binding of full-size Tau did not result in its translocation
into the lysosomal lumen (Fig. 5C and D), thus supporting
that full-size Tau proteins are not normally amenable to degra-
dation via CMA. In contrast, the truncated mutant protein and
its F1 fragment behaved in the binding and competition assays
as bonafide CMA substrates (Fig. 6). To our surprise, our
in vitro data revealed that there was no complete translocation
of truncated mutant Tau into the lysosomal lumen for degra-
dation, even though the targeting to the lysosomal membrane
and association to the CMA translocating machinery
(LAMP-2A and lys-hsc70) occurs. Instead, the inserted
protein seems to undergo regulated cleavage by cathepsin L,
a lumenal resident protein that results in the generation of
the pathogenic F2 and F3 fragments on the surface of the lyso-
somes. The partial translocation of a protein via CMA
observed here is reminiscent of the blockage in lysosomal
translocation for other pathogenic proteins, e.g. mutant
a-synucleins. In that case, the mutant proteins are also deliv-
ered to lysosomes via CMA but they do not translocate into
the lysosomal lumen resulting in CMA blockage, even
though they bind with high affinity to the lysosomal membrane
(47,48). In the case of Tau, the additional feature is that the
lysosome-mediated cleavage favors formation of oligomeric
structures directly at the lysosomal surface (Figs 5 and 8).

Using a cell model overexpressing the wild-type full-length
four-repeat Tau, we further showed that even the full-length
Tau can be degraded by the autophagy–lysosomal system.
In support of this, it was recently reported that the activation
of macroautophagy with rapamycin led to the degradation of
SDS-insoluble Tau formed by full-length Tau in COS-7
cells, whereas basal macroautophagy (without rapamycin)
could not degrade Tau (31). This may be due to the difference
of cell lines used in the two studies. Indeed, to highlight the
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influence of different cell lines on Tau aggregation, we
observed that there was no fragmentation and hence no
aggregation of TauRDDK280 in CHO cells (data not shown).
Consistent with our data supporting macroautophagic degra-
dation of Tau, Hamano et al. (32) recently reported that
macroautophagy is involved in the clearance of Tau in
another cell model.

Several groups recently reported that Tau hyperphosphory-
lated at the SP/TP motifs in the flanking domains of the
repeats can be ubiquitinated and then targeted for proteasomal
degradation by the CHIP/hsc70 complex (18,19). However,
Tau phosphorylated at the KXGS motifs of the repeats does
not undergo this pathway, and thus it remained unclear how
degradation of this protein takes place. Interestingly, we
found here that macroautophagy seems to preferentially
degrade Tau phosphorylated at the KXGS motifs, as the
increase in the amount of hTau40wt phosphorylated at the
KXGS sites (150%, Fig. 4E) or the phosphomimetic mutant
(hTau/KXGE, 240%, Fig. 4F) is much higher than that of
the total hTau40wt level (45%, checked with pan-Tau anti-
body K9JA, Fig. 4D) after blockage of macroautophagy.
Thus, depending on the state of phosphorylation, Tau can be
degraded by both proteasomal and autophagy–lysosomal
systems. Similarly, a-synuclein was recently reported to be
degraded by both proteasomal and autophagy–lysosomal
pathways too (63,64). This is actually a common characteristic
to a large pool of intracellular proteins that could undergo
degradation by different pathways simultaneously depending
on the cell type or even in the same cell depending on the

cellular conditions. Additionally, this selective degradation
could also be one of the reasons why the inhibition of degra-
dation of p62 by 3-MA is more pronounced than that for
hTau40wt, because p62 is selectively removed through its
interaction with LC3, whereas hTau40wt may be part of an
‘in bulk’ macroautophagic degradation. Besides this, the
increase of p62 level might also be due to the fact that syn-
thesis of p62 is continued during 3-MA treatment, whereas
the Tau expression was switched off.

The interaction of Tau with cytosolic hsc70 is complex and
seems to occur at different sites and, likely for different pur-
poses. In this work, we have found that interaction of Tau
with hsc70 through the CMA targeting motif is required for
lysosomal targeting and cleavage of TauRDDK280 (Figs 7C
and 8A). In contrast, although F1 also binds to hsc70
through that region both in vitro and in intact cells (Fig. 7), tar-
geting of F1 to lysosomes occurs even when this fragment
cannot interact with hsc70 [as reflected by the fact that the
F1 CMA-mutant still undergoes cleavage into F2 (Fig. 7C
lane 8) and can bind to isolated lysosomes (Fig. 7A, right
panel)]. It is possible that binding of hsc70 at the CMA-
targeting motif to TauRDDK280 facilitates its cleavage by
the cytosolic protease to F1 and the subsequent delivery to
the lysosomal membrane. Interestingly, even though F1 does
not depend on hsc70 binding for lysosomal delivery, its
binding to the lysosomal membrane is still in part selective
toward CMA components, since blockage of the lysosomal
CMA receptor LAMP-2A diminished F1 binding (Fig. 8C,
lower panel, compare lanes 1 with the LAMP-2A blocked

Figure 9. Model of fragmentation and degradation of TauRDDK by autophagy–lysosomal system. When TauRDDK is expressed in N2a cells, it becomes partially
cleaved in the cytosol by a thrombin-like activity to generate F1. A fraction of F1 is delivered to lysosomes via CMA components (targeting through hsc70 and
binding to the lysosomal membrane via LAMP-2A) where the C-terminal end is cleaved by cathepsin L to generate F2 and F3. These fragments are highly
amyloidogenic, nucleate aggregation and induce the co-aggregation of intact TauRDDK (or full-length Tau) in the cytosol. The aggregates can then be degraded
through the macroautophagy pathway.
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lane 2). Although further studies are required to elucidate the
exact role of hsc70 in cleavage of F1 in lysosomes, the fact
that lower amounts of F1 lacking the hsc70 binding motif
remain bound to the membrane when its lysosomal cleavage
is prevented (by adding lysosome protease inhibitors;
Fig. 8A, right panel), supports a role for hsc70 binding in
retaining the protein bound to the membrane until cleavage
takes place. The aggregation of TauRDDK280 in our N2a
cell model is nucleated by small fragments F2 or F3 which
are derived from F1. In generating F1 from TauRDDK280 a
protease with thrombin-like characteristics is involved which
cleaves TauRDDK280 behind K257. However, the protease(s)
responsible for the generation of F2 and F3 around I360 were
still unknown (10). Now, we show here that a lysosomal pro-
tease, cathepsin L, is involved in the fragmentation of F1 to
generate F2 and F3. Treatment with NH4Cl, which induces a
sustained rise in the lysosomal pH but not the cytosolic pH
(65), dramatically inhibits the generation of F2 and F3 and
thus suggests that the fragmentation takes place in lysosomes.
However, we also observed lysosomal leakage in our cell
model. Therefore, although F2 and F3 are produced in the
lysosomes, in the long run they might induce leakage and
thus get access to the cytosol where they induce the aggrega-
tion of TauRDDK280. In line with our observation, it has been
reported that lysosomal proteases are involved in the gener-
ation of N-terminal huntingtin fragments which can seed hun-
tingtin aggregation in the cytosol (66,67) and that lysosomal
proteases cause the truncation of the scrapie-associated form
of PrP which may accumulate in lysosomes (68). Thus the dis-
turbance of the autophagy–lysosomal system, which occurs in
AD brain (24), may not only inhibit the degradation of Tau
aggregates, but also accelerate Tau aggregation through frag-
mentation of Tau.

Figure 9 depicts a model of how the autophagy–lysosomal
system might generate aggregates in our cell model (also see a
detailed model in Supplementary Material, Fig. S4). When
TauRDDK is expressed, it is first cleaved by a thrombin-like
activity in the cytosol to generate fragment F1, and this
process seems facilitated by the interaction of TauRDDK280
with cytosolic hsc70. This cleaved product is delivered to
lysosomes via CMA, where its partial translocation allows
cathepsin L-mediated cleavage of the C terminus of F1 to
generate F2 and F3. Part of the truncated products remain
initially associated to the lysosomal membrane favoring
oligomerization at or near the surface of the organelle and
eventually resulting in membrane disruption, lysosomal
leakage and release of other F2 and F3 fragments into the
cytosol where they induce TauRDDK280 aggregation. The
aggregates are then degraded through the macroautophagy
pathway. Thus, the lysosome serves two seemingly contradic-
tory functions. It promotes aggregation by generating
amyloidogenic fragments through CMA, and it disposes of
aggregates via macroautophagy.

MATERIALS AND METHODS

Cell culture

Inducible Tet-On, G418-resistant N2a cell lines were gener-
ated as described (37). They expressed either the repeat

domain construct TauRDDK280 (high aggregation propensity,
‘pro-aggregation’ mutant) or TauRD with mutations DK280,
I277P and I308P (TauRDDK280/2P) (low aggregation propen-
sity, ‘anti-aggregation’ mutant). Transient transfection of N2a
Tet-On cells with hTau40/KXGE was done with Effectene
transfection reagent (Qiagen, Germany). Tet-On inducible
cells were cultured in Eagle’s MEM with 10% fetal calf
serum (2 mM glutamine, 0.1% non-essential amino acids and
600 mg/ml G418). Expression of Tau constructs was induced
by 1 mg/ml doxycycline. For all inhibitor treatment exper-
iments, the medium was changed daily.

Proteins and biochemical assays

Cloning and expression of all Tau constructs was done as
described previously (10). The mutagenesis of Tau constructs
with mutated CMA motifs was performed according to standard
protocols. For solubility assays, cells were collected by centrifu-
gation at 1000 g for 5 min. The levels and solubility of Tau
protein was determined by sarkosyl extraction (69) (for details
see Supplementary Material). The sarkosyl-insoluble pellets
were resuspended in 50 mM Tris–HCl (pH 7.4), 0.5 ml/1 g of
starting material. Supernatant and sarkosyl-insoluble pellet
samples were analyzed by western blotting. The amount of
material loaded for supernatant and sarkosyl-insoluble pellet rep-
resented �0.5 and 15% of the total material present in the super-
natant and pellet, respectively (the ratio between supernatant and
sarkosyl-insoluble pellet applied to the gels was always 1:30).
For quantification of Tau levels, the western blots were probed
with pan-Tau antibody K9JA (DAKO, Glostrup, Denmark) or
phosphorylation-dependent antibody 12E8 (gift from P. Seubert,
Elan Pharma) which recognizes Tau phosphorylated at Ser 262
and Ser 356 in the repeat domain, and analyzed by densitometry.

Immunofluorescence

Mouse neuroblastoma N2a cells on the coverslips were fixed with
4% paraformaldehyde in PBS for 15 min, then permeabilized
with 80% MeOH for 6 min at 2208C. Thioflavin S (ThS) stain-
ing was done as described before (37).To determine the colocali-
zation of Tau with LC3, samples were incubated with antibody
anti-LC3(B) and KBTR4 in 5% goat serum (PBS) at 48C over-
night. The secondary antibody was also diluted with 5% goat
serum in PBS and incubated for 45 min. The cells were washed
twice with PBS, once with water and mounted. Confocal
microscopy was done with an LSM510 microscope (Zeiss,
Oberkochen, Germany) using an �63 objective.

Cytotoxicity assay

Cytotoxicity was assessed by a lactate dehydrogenase (LDH)
assay kit (Roche Applied Science, Indianapolis, IN, USA).
LDH activity was measured spectrophotometrically at 492 nm.
Cell death was calculated as percent of LDH released into
medium, compared with total LDH obtained after total cell
lysis. After 1 day of doxycycline-induced protein expression,
the medium with 10% serum was exchanged for medium with
1% serum (after washing with PBS), and after 1 additional day
the medium was collected for LDH determination.
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Isolation of lysosomes and autophagy-related cellular
compartments

Different subcellular compartments were isolated from cul-
tured cells as described (62) (for details see Supplementary
Material). A fraction enriched in lysosomes and mitochondria
(L/M fraction) was further separated by centrifugation in two
successive discontinuous gradients of metrizamide/percoll as
described (51). Lysosomes, collected from the 5ndash;17%
metrizamide interface, were washed in 0.25 M sucrose.
A cytosol fraction was obtained by centrifuging the super-
natant from the L/M fraction at 100 000g for 1 h at 48C.
The pellet from this centrifugation yielded an enriched micro-
some fraction that is predominantly ER, but also contained
small proportions of endosomes and Golgi. Rat liver lyso-
somes were isolated from a light mitochondrial–lysosomal
fraction in a discontinuous metrizamide density gradient (70)
by the modified protocol to enrich in CMA-active lysosomes
as described by Cuervo et al. (50). Preparations with more
than 10% broken lysosomes, measured as b-hexosaminidase
latency (51), were discarded. Lysosomal matrices and mem-
branes were isolated after hypotonic shock (71).

Autophagosomes and autophagolysosomes were isolated
from cultured cells following a protocol modified from Mar-
zella et al. (72) . From the AV/L/M fraction, lysosomes
were separated from the two AV fractions using a discontinu-
ous (50, 26, 24, 20 and 15%) metrizamide gradient where frac-
tions migrated as follows: lysosomes (24–26% interface),
autophagolysosomes (AV20; 20–24% interface) and autopha-
gosomes (AV15, 15–20% interface). These fractions were
washed by centrifugation in 0.25 M sucrose.

Lysosomal integrity measurements

The integrity of the lysosomal membrane in cultured cells was
monitored by analyzing the presence of lysosomal enzymes,
namely b-hexosaminidase, in the cytosol. To measure the
cytosolic b-hexosaminidase activity, N2a cells were rinsed
extensively with ice-cold PBS and then removed by a cell
scraper in the homogenization buffer. The cytosolic fraction
was isolated as described above. The b-hexosaminidase
activity was then determined by the addition of 100 ml of
assay buffer (0.1 M Na-acetate, pH 4.5; 1% Triton X-100,
1 mM 4-methylumbelliferyl-N-acetyl-B-D-glucopyranoside) to
5 mg cell lysates. The reaction mixture was incubated at
378C for 1 h and stopped by the addition of 75 ml stop solution
(0.5 M glycine, 0.5 M Na2CO3).The absorbance was measured
at 348 nm. The cytosolic b-hexosaminidase activity was
expressed as the percentage of total activity obtained from
total cell homogenates.

Uptake and degradation of proteins by isolated lysosomes

The different forms of recombinant Tau were incubated in
3-(N-morpholino) propanesulfonic acid (MOPS) buffer
(10 mM MOPS pH 7.3 and 0.3 M sucrose) with untreated or
protease inhibitor-treated lysosomes as described (50). After
incubation for 20 min at 378C, lysosomes were collected by
centrifugation and samples were subjected to SDS–PAGE
and immunoblotted with an antibody against Tau. Transport
was measured and uptake was calculated as the difference

between the amount of substrate associated to lysosomes (pro-
tease inhibitor-treated lysosomes) and the amount of substrate
bound to their membrane (untreated lysosomes) (49). In other
experiments, after the incubation with the recombinant forms
of Tau, proteinase K or trypsin were added to the isolated lyso-
somes to remove the substrate bound to the cytosolic side of the
lysosomal membrane. Uptake was measured as the amount of
substrate resistant to the protease associated to lysosomes in
which degradation was inhibited. Where indicated, lysosomes
were previously incubated with an antibody against the cytoso-
lic tail of LAMP-2A or against hsc70 for 10 min at room temp-
erature before the substrates were added to the reaction.

Degradation of a pool of radiolabeled cytosolic proteins
(500 dpm/mg) by intact lysosomes was measured as described
(50). Proteolysis was expressed as the percentage of the initial
acid-insoluble radioactivity (protein) transformed into acid-
soluble radioactivity (amino acids and small peptides) at the
end of the incubation.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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