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Tau, a neuronal protein involved in neurodegenerative dis-
orders such as Alzheimer disease, which is primarily described
as a microtubule-associated protein, has also been observed in
the nuclei of neuronal and non-neuronal cells. However, the
function of the nuclear form of Tau in neurons has not yet
been elucidated. In this work, we demonstrate that acute oxi-
dative stress and mild heat stress (HS) induce the accumula-
tion of dephosphorylated Tau in neuronal nuclei. Using chro-
matin immunoprecipitation assays, we demonstrate that the
capacity of endogenous Tau to interact with neuronal DNA
increased following HS. Comet assays performed on both wild-
type and Tau-deficient neuronal cultures showed that Tau
fully protected neuronal genomic DNA against HS-induced
damage. Interestingly, HS-induced DNA damage observed in
Tau-deficient cells was completely rescued after the overex-
pression of human Tau targeted to the nucleus. These results
highlight a novel role for nuclear Tau as a key player in early
stress response.

Tau was first described as an essential factor for cytoskel-
etal microtubule assembly (1). Since then, Tau has been pri-
marily described as a regulator of microtubule dynamics.
However, due to its diverse cellular distribution, Tau likely
has multiple functions. Furthermore, although Tau is primar-
ily seen as a cytosolic protein, the nuclear localization of Tau
has been described in neuronal (2, 3) and non-neuronal cells
(4, 5). In mitotic HeLa cells and fibroblasts, Tau is localized to
the nucleolus and is associated with the nucleolar organizer
regions, and it has been suggested that Tau plays a role in the
nucleolar organization and/or heterochromatization of rRNA
genes (6).
Interestingly, in vitro studies have shown that purified Tau

directly binds to polynucleotides with a preference toward
AT-rich DNA compared with GC-rich DNA sequences. How-

ever, contradictory in vitro results have shown a protective or
deleterious role of Tau in DNA integrity (7–9). In addition, a
recent study reported chromosomal aberrations in fibroblasts
and lymphocytes from patients carrying a Tau mutation (10).
Nevertheless, although Tau has been detected in brain nu-

clei (11), the function of neuronal nuclear Tau has not yet
been elucidated. Furthermore, unlike other proteins present
in both cellular compartments, nucleocytoplasmic shuttling
of Tau has not yet been reported. The protection of genomic
integrity is a major challenge for living cells that are continu-
ously exposed to DNA-damaging injuries, especially in the
brain. However, whether endogenous Tau has the capacity to
protect neuronal DNA in situ has remained an unanswered
question. In this study, we aimed to investigate the potential
protective effects of Tau against DNA damage in central
neurons.

EXPERIMENTAL PROCEDURES

Primary Embryonic Neuronal Culture—Wild-type and
knock-out Tau mouse primary cortical cultures were pre-
pared as described previously (12).
Adenovirus Growth and Labeling—HAdV-5-hTau44Wt

(wild-type Tau isoform 2-3-10-) and HAdV-5-hTau44-NLS
were constructed using the gateway system (Invitrogen), and
they were amplified and purified in our laboratory as de-
scribed previously (13). HAdV-5-hTau44-NLS was obtained
by insertion of a nuclear localization signal (NLS)2 from the
Epstein-Barr virus mRNA export factor EB2 (14) to the N-
terminal part of human Tau. After standard virus purification
by ultracentrifugation in CsCl gradient, viral genomes were
quantified by measuring UV absorption at 260 nm, and the
virus titer was expressed as viral physical particles per ml.
HAdV Infection—Primary cultured cells were seeded in six-

well culture plates at a density of 1.28 � 106 cells per well.
Cells were then infected with 2000 physical particles/cell of
HAdV-5-hTau44 or HAdV-5-hTau44NLS vectors for 2 h at
37 °C in minimum volume. Culture medium was added fol-
lowing infection for 24 h at 37 °C.
Cell Treatment—At 10 days in vitro, cells were maintained

at 37 °C (control condition(C)) or exposed to 44 °C (HS) in a
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5% CO2 incubator for 1 h, or to 1 mM H2O2 for 1 h at 37 °C.
Netropsin dihydrochloride (Sigma Aldrich) or methyl green
(Sigma Aldrich) was added 1 h before treatment and was not
removed during treatment.
Antibodies—Anti-Tau antibodies have been described pre-

viously (12, 15). The anti-lamin B and anti-Hsc70 antibodies
were obtained from Santa Cruz Biotechnology, the anti-
Tau3R from Sigma and the anti-human Tau antibody HT7
from Thermo Scientific.
Cell Fractionation—Cell fractionation was prepared as de-

scribed previously (16).
Electrophoresis and Immunoblotting—Aliquots of cytoplas-

mic or nuclear extracts were processed as described previ-
ously (12). Immunolabeling was observed with an Image
Reader LAS3000 (Fujifilm) and quantified by densitometry.
Phosphorylated and total Tau levels were normalized against
synaptophysin for the cytoplasmic fraction and lamin B for
the nuclear fraction. Phosphorylated Tau levels were further
normalized against the level of total Tau to measure the exact
phosphorylation state.
Lactate Dehydrogenase Assay—Lactate dehydrogenase as-

say was assayed as described by the manufacturer (Promega).
Immunofluorescence—Cell cultures were fixed in cold 4%

paraformaldehyde for 30 min at room temperature. Perme-
abilization was carried out in 0.2% Triton X-100 in phos-
phate-buffered saline for 10 min. After a 30-min saturation in
2% bovine serum albumin, immunostainings were carried out
using Tau antibodies. Tau staining was revealed with goat
anti-mouse or goat anti-rabbit IgG (Heavy and Light chains)
antibodies coupled to Alexa Fluor� 488 (Molecular Probes).
DAPI was present in the Vectashield mounting medium for
fluorescence (Vector). Slides were analyzed with a Zeiss
LSM710 confocal laser scanning microscope (60� magnifica-
tion). Images were collected in the z direction at 0.50-�m in-
tervals. For Tau1 labeling, cells were incubated with 1 �M To-
Pro3 (Molecular Probe) for 30 min and analyzed with a
Leica-DMRBE microscope with a TCS 4D confocal head. Al-
ternatively, permeabilization (0.2% Triton X-100 in phos-
phate-buffered saline for 10 min) was carried out before 10
min of ice-cold methanol fixation to remove soluble proteins.
Electron Microscopy—Cell cultures were fixed with 0.05%

glutaraldehyde and 4% paraformaldehyde in 0.2 M Pipes buffer
for 30 min at 4 °C. Cells were then incubated in phosphate-
buffered saline containing 10% fetal calf serum, scraped, and
centrifuged at 15,000 � g. Pellets were soaked overnight in
phosphate-buffered saline containing 2.3 M sucrose and 20%
polyvinylpyrrolidone. Cells were rapidly frozen in liquid nitro-
gen. Frozen ultrathin sections were made with a cryo-ultrami-
crotome (Leica) at a thickness of 85 nm. The sections were
picked up on formvar-carbon-coated nickel grids. After a 30-
min saturation in 2% bovine serum albumin, immunostaining
was carried out using Tau5, an anti-total Tau antibody. Tau5
staining was revealed with a goat anti-mouse IgG gold conju-
gate (12 nm in diameter) (Jackson ImmunoResearch Labora-
tories). Negative staining of the ultrathin sections was carried
out using 0.4% uranyl acetate and 1.8% methyl cellulose. La-
beling was observed under a Zeiss 902 electron microscope.

Chromatin Immunoprecipitation—Chromatin immunopre-
cipitation was carried out as described previously (18).
Genomic DNA from control and HS-treated cells were immu-
noprecipitated either with Tau1 antibody or with a polyclonal
antibody directed against the nonstructural NSs protein en-
coded by Rift Valley Fever Virus (a generous gift from Dr.
Michèle Bouloy). Immunoprecipitated and input (corre-
sponding to 20 �g of total nonimmunoprecipitated genomic
DNA) DNAs were 5�-end radioactively labeled using T4
polynucleotide kinase (exchange reaction) and [�-32P]ATP
(3000 Ci/mmol). 32P-labeled DNA was quantified after migra-
tion on a nondenaturing polyacrylamide gel using a
PhosphorImager.
Comet and Fast Halo Assays—Comet and fast halo assays

(four cells/slide) were embedded in a layer of 0.5% of low
melting point agarose (Bio-Rad) and kept at 37 °C previously
coated upon slides. Slides were replaced on a slide tray on ice
packs for 3 to 5 min. Four slides (two for the nondenaturing
fast halo assay and two for the Comet assay) were prepared
for each cell suspension.
Nondenaturing Fast Halo Assay—The fast halo assay was

used to identify DNA fragmentation due to apoptosis and/or
necrosis and/or true genotoxicity. It was performed under
alkaline conditions following the procedure of Sestili et al.
(19). The essential steps of the fast halo assay consisted of the
following. Slides were immersed in the pH 10.1 lysis solution
for 10 min at �4 °C in the dark. The slides were then rinsed in
PBS for �30 s and neutralized for 15 min in PBS (pH 7.4)
containing 0.1 mg/ml RNase. The DNA was then exposed for
5 min to absolute ethanol to preserve all the halo assay slides.
Comet Assay—After the top layer of agarose had solidified,

the slides were immersed for at least 1 h at �4 °C in the dark
in a lysis solution consisting of 2.5 M NaCl, 100 mM EDTA, 10
mM Tris, pH 10, to which 1% Triton X-100 and 10% dimethyl
sulfoxide were freshly added. The slides were then removed
and placed on a horizontal gel electrophoresis unit, and the
unit filled was with freshly prepared alkaline buffer (1 mM

EDTA and 300 mM NaOH, pH � 13) to �0.25 cm above the
slides. To reduce the variability associated with gel box slide
position or multiple electrophoresis runs, slides were ran-
domly distributed. The cells were exposed to the alkaline so-
lution for 20 min to allow DNA unwinding and expression of
single-strand breaks and alkali-labile sites. Next, electro-
phoresis was conducted for 20 min at 0–4 °C by applying an
electric current of 0.7 V/cm (25 V/300 mA). All of these steps
were conducted in the absence of daylight to prevent addi-
tional DNA damage. After electrophoresis, the slides were
neutralized with 0.4 M Tris (pH 7.5), and the DNA was ex-
posed for 5 min to absolute ethanol to preserve all the comet
assay samples. Subsequently, the slides were air-dried and
then stored at room temperature until scored for DNA migra-
tion (20).
Scoring—Just prior to scoring, the DNA was stained using

propidium iodide (20 �g/ml distilled water; 25 �l/slide).
Slides were coded and examined at 200� magnification using
a fluorescent microscope (Leica Microsystems SAS-DM 2000,
Heerbrugg, Switzerland), equipped with an excitation filter of
515–560 nm and a barrier filter of 590 nm, connected
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through a gated monochrome CCD IEEE1394 FireWire video
camera (Allied Vision Technologies) to a Comet Assay IV
Image Analysis System (version 4.11) with Windows XP Pro
Software (Perceptive Instruments Ltd, Suffolk, UK). Images of
at least 50 randomly selected cells were analyzed from the two
slides prepared, i.e. 100 cells per culture. For the fast Halo
assay, 100 hundred cells per slide were also randomly scored.
Choice of DNA Damage Parameters—The Olive tail mo-

ment (OTM), developed by Olive (21), was used to evaluate
DNA damage. The OTM, expressed in arbitrary units, is cal-
culated by multiplying the percent of DNA (fluorescence) in
the tail by the length of the tail in micrometers (22). The tail
length is measured between the edge of comet head and the
end of the comet tail. A major advantage of using the OTM as
an index of DNA damage is that both the amount of damaged
DNA and the distance of migration of the genetic material in
the tail are represented by a single number (23).
Subcellular Fractionation from Brain Slices—Brain slices

were prepared as described previously (17). Mouse brains
were quickly removed and placed in ice-cold artificial cere-
brospinal fluid containing: 117 mM NaCl, 4.7 mM KCl, 1.2 mM

NaH2PO4, 23 mM NaHCO3, 2.5 mM CaCl2, 1.2 mM MgCl2,
and 25 mM glucose, continuously oxygenated with 95% O2, 5%
CO2 (pH 7.4). Transverse brain slices (400 �m) were cut using
a Vibratome (Leica, Wetzlar, Germany). Slices were obtained
from 1.70 mm anterior to the bregma. For allowing recovery
from damage, the slices were maintained for 30 min at room
temperature in homemade incubation chambers containing
artificial cerebrospinal fluid and continuously bubbled with
95% O2, 5% CO2. The slices were then transferred to oxygen-
ated artificial cerebrospinal fluid at 37 °C for 1 h. For each
brain, one of the two batches was then transferred to oxygen-
ated artificial cerebrospinal fluid at 44 °C for 1 h, and the

other one was kept at 37 °C. Slices were then dissected, and
the appropriate quantity of cortex was removed.
Analysis and Statistics—Results are expressed as means �

S.D. of at least three independent experiments. ImageJ soft-
ware was used for quantification. The Mann-Whitney test
and the two-way analysis of variance test were used to statisti-
cally analyze the expression of proteins visualized by Western
blots. The Student’s t test was used to statistically analyze the
OTM values in the Comet assay.

RESULTS

Oxidative Stress and Heat Stress Induce Nuclear Accumula-
tion of Tau—Mild hyperthermia shares common mechanisms
with oxidative stress such as that induced by exposure to
H2O2 and reactive oxygen species production (24, 25). H2O2
and HS were previously reported to reduce the phosphoryla-
tion of Tau in neuronal cultures through protein phosphatase
2A activation (12, 26). Given that neuronal nuclear Tau has
primarily been described under a dephosphorylated state,
based on Tau1 labeling using an antibody (27), we examined
whether oxidative stress or HS could modulate the cellular
localization of Tau. The influence of H2O2 and HS on the cel-
lular localization of Tau was evaluated in neurons by exposing
cortical primary cultures of neurons to 1 mM H2O2 or hyper-
thermia (44 °C) for 1 h. H2O2 (Fig. 1A) and HS (Fig. 1B) in-
duced a strong increase in Tau level in the nuclear fraction. A
slight but significant decrease in Tau level was also detected
in the cytosol after both stresses. Low molecular weight
bands, indicative of Tau degradation, were not detected in the
nucleus. HS-induced dephosphorylation of Tau was analyzed
by immunoblotting with Tau1 antibody, which recognizes
Tau only when serine residues (195–202) are dephosphory-
lated. Dephosphorylated Tau, detected by Tau1, increased

FIGURE 1. Cellular distribution of Tau in stress-treated cortical neurons. Western blot analysis of Tau expression in primary neuronal cultures of mouse
embryonic cortex using an anti-total Tau antibody recognizing the C-terminal Tau sequence and anti-nonphospho-Tau (Tau1) antibody. Cortical cultures
were maintained at 37 °C (C), treated with H2O2 (A) or heated to 44 °C (HS; B) for 1 h. Cells were subjected to cellular fractionation as described under “Exper-
imental Procedures.” Distribution of Tau was analyzed in cytosolic and nuclear fractions. H2O2 and HS increased the nuclear Tau level in cultured neurons.
Densitometric analysis of Western blot using anti-total Tau antibody. Synaptophysin (SYP) and lamin B were respectively used as specific markers of the
cytoplasmic and the nuclear fractions. Results are expressed as a percentage of the control. Data shown are the mean � S.D. of four different experiments
using separate cultures.
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after oxidative and heat treatment in both cytosolic and nu-
clear fractions. Taken together, our results suggest that both
stresses induced Tau dephosphorylation and increased the
nuclear localization of dephosphorylated Tau in cultured
neurons.
H2O2 Induces Cytotoxicity in Neuronal Cultures—A lactate

dehydrogenase assay was used to test the effect of 1 h H2O2
and HS treatments on cell viability in cultured cortical neu-
rons and after a recovery of 24 or 48 h at 37 °C (Fig. 2). Only
H2O2 significantly increased lactate dehydrogenase release
24 h after treatment. These results show that an acute stress
induced by H2O2 induces cell death in neuronal cultures.
Contrary to H2O2, stress induced by mild hyperthermia was
not cytotoxic, demonstrating that HS-induced accumulation
of Tau in the nuclei of neurons did not induce cell death. Mild
hyperthermia was chosen in the following study to character-
ize and study the function of stress-induced nuclear Tau ac-
cumulation, free from interfering cell death mechanisms.
Heat Stress-induced Nuclear Accumulation of Tau Is

Reversible—To study the consequences of HS-induced accu-
mulation of nuclear Tau, cells were allowed to recover for
24 h at 37 °C after HS. The results shown in Fig. 3 (A and B)
demonstrate that the level of nuclear Tau, as detected by anti-
total Tau and Tau1 antibody, was strongly reduced after heat-
stressed cells recovered at 37 °C, with the amount of nuclear
Tau returning to a level similar to that observed before HS.
The absence of lower molecular weight bands indicates that
Tau was not degraded. These results suggest that stress-in-
duced Tau dephosphorylation and nuclear accumulation is
reversible.
Nuclear Tau under Heat Stress Is Mainly Dephosphorylated—

The results obtained with Tau1 antibody in Fig. 1B suggested
that HS induced the dephosphorylation of Tau. HS-induced
dephosphorylation of Tau was further confirmed by immuno-
blotting with the phosphodependent Tau antibodies anti-
pT212-Tau, AT180, 12E8, and AD2. Fig. 4A illustrates that

HS led to a strong decrease of phosphorylated Tau. None of
these phosphorylated forms of Tau were detected in the nu-
clear fraction under control or HS conditions, confirming that
the dephosphorylated state of the nuclear form of Tau accu-
mulated after HS.
Heat Stress-induced Nuclear Accumulation of Tau Is Repro-

duced in Adult Neurons—In primary neuronal cultures, neu-
rons were studied after 10 days in vitro and thus were mainly
differentiated. Nevertheless, to overcome any potential arti-
factual effects related to the embryonic origin of the neurons,
we also tested the effect of HS in the adult mouse brain. Ex
vivo slices from the cerebral cortex of adult mice were incu-
bated for 1 h at 37 or 44 °C, and the cytosolic and nuclear
fractions were analyzed under the same conditions as in Figs.
1B and 4A. Hyperthermia induced an increase in the level of
nuclear Tau in the adult mouse brain, as previously observed
in embryonic neuronal cultures. The phosphorylation state of
stress-induced nuclear Tau was analyzed in brain slices
from adult mice (Fig. 4B) using the same phospho-specific
antibodies as in Fig. 4A. Similar results were obtained with
Tau1 (as in Fig. 1B), p-T212, AT180, and AD2 antibodies,
but not with the 12E8 antibody. At 37 °C as well as after
HS, nuclear Tau was detected not only with Tau1 but also,
surprisingly, with 12E8. Under HS, a specific increase of
Tau1 and 12E8 labeling was observed. Overall, these data
indicate that in the ex vivo model of cortical slices, nuclear

FIGURE 2. Effects of stress treatments on the lactate dehydrogenase
level in neuronal cultures. The influence of 1 mM H2O2 and HS for 1 h or
after 24- or 48-h recovery at 37 °C on lactate dehydrogenase level was
measured in cultured cortical neurons. H2O2 but not HS induced lactate
dehydrogenase leakage in medium 24 h after treatment.

FIGURE 3. Transient nuclear accumulation of Tau in heat stress-treated
neurons. A, Western blotting analysis using phospho-independent (anti-C-
terminal Tau) and dephospho-Tau (Tau1) antibodies. Cortical cultures were
heated to 44 °C (HS) or kept at 37 °C (C) for 1 h and then maintained at 37 °C
for 24 h. Total Tau and dephosphorylated Tau labeling were analyzed both
in cytosolic and nuclear fractions. A loss of nuclear Tau staining was ob-
served 24 h after HS. B, densitometric analysis of Western blot using anti-
total Tau antibody. Results are expressed as percentage of the control. Data
shown are the mean � S.D. of three different experiments. ***, p � 0.0001;
*, p � 0.05.
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Tau was mainly dephosphorylated both in the control con-
dition and under HS, except for at Ser262 and Ser356 ((Lys-
X-Gly-Ser) motifs). This is consistent with previous find-
ings that Tau is mainly dephosphorylated, except at Ser262,
in cerebral extracts from heat-shocked rats (28). Interest-
ingly, although the majority of Ser/Thr-Pro sites that flank
the microtubule-binding repeats are phosphorylated by
so-called Ser/Thr-Pro kinases such as Cdk5 and GSK3 (15),
Ser262 and Ser356 are located within microtubule-binding
domains and form KXGS motifs that are preferentially
phosphorylated by MARK (Microtubule Affinity-Regulat-
ing kinase)/Par-1 kinase, CamKII (Calmodulin-Dependent
Protein kinase II) or ChK2 (29–31). A differential expres-
sion and/or regulation of these kinases between embryonic
and adult neurons could explain the differences observed
here with the Tau 12E8 antibody.

Microscopic Visualization of Heat Stress-induced Accumu-
lation of Tau in Neuronal Cells—The accumulation of Tau in
the nuclei of neuronal cultures after HS was further analyzed

FIGURE 4. Heat stress modulates Tau phosphorylation in cortical neu-
rons. A, representative Western blot analysis using anti-total Tau antibody
(anti-C-terminal Tau) and phospho-dependent Tau antibodies (Tau1, PT212,
AT180, 12E8, and AD2). Cortical cultures were untreated (C) or treated with
HS. Tau phosphorylation at various epitopes was analyzed both in cytosolic
and nuclear fractions. In the cytosol, HS induced dephosphorylation. In nu-
clei from HS-treated neurons, Tau accumulated in the nucleoplasm was in a
dephosphorylated state. B, representative Western blot analysis using anti-
total Tau antibody (anti-C-terminal Tau) and phospho-dependent antibod-
ies (Tau1, PT212, AT180, 12E8, AD2) in brain slices from adult mouse cortex.
Cortical slices were untreated or treated with HS. In adult neurons, HS in-
duced nuclear dephosphorylation of all Tau epitopes except for Ser262–356

(12E8).

FIGURE 5. Confocal microscopy analysis of Tau localization in cultured
neurons. A, immunofluorescence staining of total Tau (Tau3R) in cortical neu-
ronal cultures. Tau3R antibody specifically recognizes Tau isoforms presenting
three repeat domains, this being the case of the embryonic Tau isoform, inde-
pendently of their phosphorylation state. Immunolabeling of Tau and DAPI
nuclear counterstaining were analyzed by confocal laser scanning microscopy.
HS strongly increased Tau staining in neuronal nuclei. Scale bars indicate 20
�m. B, immunofluorescence staining of total Tau (TauC17). Cells were perme-
abilized before ice cold methanol fixation to only visualize nuclear bound Tau.
Arrowheads indicate neuronal nuclei. Nuclear fluorescence was analyzed by
confocal laser scanning microscopy. C, immunofluorescence staining of non-
phospho-Tau (Ser195–202) using Tau1 antibody in cortical culture of neurons.
Immunolabeling of Tau1 and ToPro3 nuclear counterstaining were analyzed by
confocal laser scanning microscopy. Heat shock strongly increased Tau1 stain-
ing in neuronal cytosol and nucleus. Scale bars indicate 10 �m.
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by immunofluorescence and confocal microscopy analysis
(Fig. 5, A–C). Under the control condition, total Tau antibody
clearly stained the cellular body and neurites but only weakly
labeled the nucleus (Fig. 5A, upper panel). Under the HS con-
dition, however, accumulation of Tau was clearly observed in
the nuclei of cortical primary cultured neurons (Fig. 5A, lower
panel).
The location of Tau was also studied after removing soluble

proteins by permeabilization of the cells before ice-cold meth-
anol fixation (Fig. 5B). In this condition, Tau tightly bound to
insoluble cell structures (“bound” Tau) was immunolabeled
using an anti-total Tau antibody. Nuclear fluorescence was
quantified using a Zeiss confocal microscope program. The
average ratio of bound Tau under the HS versus the control
condition was 2.06 � 0.17 (p � 0.001).
The accumulation of dephosphorylated Tau in the nuclei of

neuronal cultures after HS was illustrated using Tau1 anti-
body (Fig. 5C). Under control conditions, no labeling was de-
tected in neuronal nuclei, and only weak labeling was ob-
served in the cellular body (Fig. 5C, upper panel). Conversely,
clear staining of dephosphorylated Tau was detected on the
entire cell body and the nucleus after HS treatment (Fig. 5C,
lower panel).
The accumulation of nuclear Tau under HS was also visual-

ized by electron microscopy (Fig. 6). Tau was detected in the
nuclei of frozen sections derived from cortical neuronal cul-
tures only under stress conditions (Fig. 6, C (I, II, and III) as-
sociated with DNA (light gray regions in Fig. 6, C (II) as well
as with nucleoli (Fig. 6, C (III)). This nucleolar localization is
consistent with previous studies describing nucleolar localiza-
tion of Tau in various cell lines (4, 6, 10).

Heat Stress Potentiates Tau-DNAComplex Formation—
The ability of Tau to form protein-DNA complexes in vitro
has been previously reported by different groups (6, 8, 32, 33).
To analyze the ability of Tau to interact in situ with neuronal
DNA before and after HS treatment, we carried out ChIP ex-
periments (Fig. 7). During these experiments, genomic DNA
from control and HS-treated cells was immunoprecipitated
with either Tau1 antibody or an antibody directed against the
nonstructural NSs protein encoded by the Rift Valley fever
virus, which was used here as an arbitrary negative control.
The total amount of immunoprecipitated DNA was labeled at
the 5�-end with [�-32P]ATP and submitted to nondenaturing
polyacrylamide electrophoresis (Fig. 7). These results indicate
that the capacity of Tau protein to interact with DNA, previ-
ously described in vitro, could also be observed in situ in a
dose-dependent manner. In addition, we found that the total
amount of DNA interacting with nuclear Tau was �2-fold
higher in heat-stressed cells compared with control cells (Fig.
7). The difference was even more significant considering that
overall labeling of input DNA, corresponding to total genomic
DNA before immunoprecipitation, was slightly weaker after
HS compared with the control condition. As expected, no
DNA immunoprecipitated with the anti-NSs antibody in con-
trol or in HS cells.
In parallel, the concentration of DNA that immunoprecipi-

tated with the anti-Tau1 antibody under control or HS condi-

FIGURE 6. Electron microscopy analysis of Tau localization in cultured
neurons. Immunogold electron microscopy of total Tau (Tau5 antibody) in
primary neuronal cultures of mouse embryo cortex. M, mitochondria;
C, cytosol; N, nucleus; Nu, nucleolus; f, fibrillar area; g, granular area; NEv,
nuclear envelope. Cortical cultures were untreated (C, I) or treated with HS
(I, III). Asterisks indicate Tau staining. Scale bars indicate 100 nm.

FIGURE 7. Interaction of nuclear Tau with genomic DNA is enhanced
after HS treatment. Equal amounts (20 or 10 �g) of genomic DNA from
control (C) and heat-shocked (HS) primary cultured neurons were immuno-
precipitated with Tau1 antibody or an antibody directed against the viral
nonstructural NSs protein (anti-NSs used here as a negative control). Immu-
noprecipitated and input DNA (corresponding to nonimmunoprecipitated
genomic DNA) as well as pBR322/AluI DNA were 5�-end 32P-radioactively
labeled and submitted to nondenaturating electrophoresis. Tau interacted
with DNA in a dose-dependent manner. HS increased the Tau-DNA interac-
tion. Data shown are representative of three independent experiments us-
ing separate cultures.
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tions was measured using a Nanodrop spectrophotometer.
The average ratio of immunoprecipitated DNA (% of input)
under HS versus control conditions was 1.8 � 0.07 (p �
0.001). This result was correlated with the increase in nuclear
bound Tau observed under HS (Fig. 5B). Taken together,
these data show that in addition to enhancing the nuclear
fraction of Tau, HS also enhanced the amount of Tau inter-
acting with DNA, suggesting that under the HS condition, the
majority of nuclear Tau forms protein-DNA complexes with
endogenous cellular DNA.
Agent That Competitively Binds to DNAMinor Groove Par-

tially Prevents Nuclear Tau Accumulation—Previous studies
demonstrated that, in vitro, purified Tau binds to synthesized
DNA specifically through the minor groove (8). To assess this
specificity in situ, competitor experiments were performed
using netropsin, a naturally occurring antibiotic that binds to
the minor groove of DNA in spots rich in AT, and methyl
green, a DNA major groove binding drug. Competitive effects
were tested on Tau nuclear accumulation (Fig. 8, A and B).
Netropsin significantly decreased the level of nuclear Tau un-
der heat stress conditions. Concentrations from 10 to 25 �M

induced a similar effect on nuclear Tau accumulation (data
not shown). Identical concentrations of methyl green did not
alter heat shock-induced Tau accumulation in the nucleus.

As heat shock is known to induce rapid Hsc70 accumula-
tion into cellular nuclei independent of minor groove binding,
the detection of Hsc70 was used first to check the lack of ef-
fect of netropsin on the integrity of nuclear shuttling mecha-
nisms and second as a negative control to check the specificity
of netropsin binding to DNA at the minor groove. As ex-
pected, netropsin did not modify the heat shock-induced nu-
clear increase of Hsc70. Netropsin partially prevented stress-
induced nuclear Tau accumulation. These data suggest that
the interaction of nuclear Tau with DNA is partly mediated
through interactions with the A/T-rich DNA minor groove
and that minor groove-unbound Tau would not remain in the
nuclear fraction. Interestingly, if minor groove-unbound Tau
does not remain in the nuclear fraction, it suggests that accu-
mulation of Tau into the nucleus under heat stress conditions
is subordinate to DNA binding.
Tau Deficiency Generates Heat Stress-induced DNA

Damage—Previous in vitro studies have shown that Tau pro-
tein is able to prevent DNA from damage induced by thermal
denaturation and peroxidation (7, 8). To test the role of Tau
in neuronal DNA in situ, we studied the effect of Tau defi-
ciency on DNA integrity under HS using the single-cell gel
electrophoresis assay (the Comet assay) (Fig. 9). The Comet
assay under alkaline conditions is considered the most sensi-
tive quantitative method for measuring damage to genomic
DNA of eukaryotic cells on a single-cell basis (21). It detects
DNA damage as single-stranded and/or double-stranded DNA
breaks and DNA-DNA and/or DNA-protein cross-links
at the level of the genome of eukaryotic cells, alkali-labile
sites, incomplete DNA repair sites, and changes in chromo-
some structural conformations (19). The OTM was used to
evaluate DNA damage in single cells by measuring DNA-spe-
cific fluorescent staining. The effect of HS on DNA integrity
was assessed in both wild-type and Tau-deficient cortical neu-
ronal cultures. Fig. 9 shows the ratio of the OTM of HS-
treated cells over control cells. DNA migration was strongly
reduced in Tau-deficient cells, suggesting DNA damage. De-
layed migration of DNA observed in Tau-deficient cells under
HS is considered to reflect either DNA cross-linking or bulk
adduct formation (34). Conversely, HS did not significantly
induce DNA damage in wild-type neuronal cultures, suggest-
ing that Tau can protect neuronal DNA integrity under HS
conditions.

FIGURE 8. Netropsin modulates HS-induced nuclear Tau accumulation.
(Bottom), Western blot analysis of effects of netropsin on Tau, Hsc70, and
lamin B expression in the nuclear fraction using, respectively, anti-total Tau
(C-terminal Tau), anti-Hsc70 and anti-lamin B antibodies. (Top), densitomet-
ric analysis of Western blot using an anti-total Tau (C-terminal Tau) anti-
body. Results are expressed as a percentage of the control. Data shown are
the mean � S.D. of three different experiments. *, p � 0.05.

FIGURE 9. Heat stress selectively impairs DNA integrity in Tau-defi-
cient neuronal cultures. The effect of HS on DNA from wild-type
(Tau�/�) or Tau-deficient cells (Tau	/	) was measured by Comet assay.
Results are presented as the OTM ratio from heat-shocked cells (HS) over
control (C). Each OTM value is a median value from 150 to 200 cells. Data
shown are the means from three different experiments using separate
cultures. **, p � 0.01.

Nuclear Tau, A Key Player in DNA Protection

4572 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 6 • FEBRUARY 11, 2011



To test whether the DNA damage detected in Tau-deficient
cultures by the Comet assay (Fig. 9) reflected cell death, the
highly sensitive nondenaturing fast halo assay was used to
selectively quantify damaged DNA associated with apoptosis
and necrosis (19). As shown in Table 1, HS did not induce
apoptotic or necrotic features in either wild-type or Tau-defi-
cient cultures, indicating HS-induced DNA damage observed
in Tau-deficient neurons was not a consequence of cell death.
Overexpression of Nuclear Tau Rescues Heat Stress-induced

DNA Damage in Tau-deficient Neurons—To confirm the role
of Tau in protecting DNA against HS-induced damage, Tau-
deficient cultures were infected with an adenoviral vector en-
coding human wild-type Tau (HAdV-5hTau44Wt) and were
then subjected to HS. To accurately determine the specific
role of nuclear Tau in DNA protection, an NLS was fused to
the hTau sequence (HadV-5- hTau44-NLS) (Fig. 10A). hTau
(human Tau), which was predominantly localized in the cyto-
solic fraction under control conditions, accumulated into the
nucleus after HS treatment, whereas most of hTau-NLS was
present in the nucleus under both control and stress condi-
tions (Fig. 10A). The integrity of DNA after HS was analyzed
using the Comet assay in wild-type and Tau-deficient cultures
overexpressing hTau or hTau-NLS. As shown in Fig. 10B,
expression of hTau or hTau-NLS fully prevented HS-induced
DNA damage in Tau-deficient cultures. The complete pre-
vention of DNA damage by nuclear-targeted Tau demon-
strated that nuclear localization of Tau was, by itself, suffi-
cient to protect DNA from HS-induced damage and that
DNA protection was not related to an indirect cytosolic Tau-
induced effect.

DISCUSSION

Here, we report that oxidative or hyperthermic stress in-
duces accumulation of dephosphorylated Tau in the nuclei of
embryonic and adult neurons. The presence of Tau in the
nuclei of heat-stressed neurons was necessary to protect DNA
from HS-induced damage. Tau-mediated genomic DNA pro-
tection was correlated with an increase of Tau-DNA binding.
This study is the first in situ demonstration that oxidative and
HS insults modulate nuclear Tau translocation and that nu-
clear Tau is essential to protect neuronal DNA from HS-in-
duced damage.
Although the presence of Tau in the nuclei of neurons was

reported more than 15 years ago (11), this is the first demon-
stration that environmental conditions can modulate neuro-
nal cytoplasmic-nuclear transport of Tau in a developmen-
tally independent manner. Both nuclear import and export of
proteins are highly regulated processes (35). Movement of

proteins larger than �40 kDa into the nucleus requires spe-
cific transport receptors, the use of the nuclear pore complex
and the recognition of specific signals in the cargo protein by
a transport receptor. Given that Tau sequences do not include
a canonical NLS or a nuclear export signal, cytoplasmic/nu-
clear translocation of Tau likely requires the interaction of
Tau with one or more other proteins to pass through the nu-
clear pore complex.
Phosphorylation is a biological process that regulates nu-

cleo-cytoplasmic transport (36, 37). In this work, we observed
that stress-induced dephosphorylation of cytosolic Tau was
correlated with nuclear accumulation of Tau. On the other
hand, at 24 h after HS, increased cytosolic Tau phosphoryla-
tion was associated with decreased nuclear Tau. Rephosphor-
ylation of Tau after HS has been previously reported in a heat
shock rat model (28). Taken together, these data suggest that
phosphorylation might be a major mechanism to control nu-
clear Tau shuttling. Further investigation is necessary to de-
code the mechanisms involved in the nucleo-cytoplasmic traf-
ficking of Tau in stressed neurons.

FIGURE 10. Heat stress-induced DNA damage induced in Tau-deficient
neurons is prevented by hTau-NLS or hTau overexpression. A, Western
blotting analysis using a specific antibody raised against human Tau (HT7).
Tau-deficient cortical cultures were infected for 24 h with adenoviral vec-
tors coding for human Tau (HAdV-5-hTau44Wt) or human Tau-NLS (HAdV-
5-hTau44NLS), heated to 44 °C (HS) or maintained at 37 °C (C) for 1 h and
subjected to subcellular fractionation. hTau-NLS was specifically expressed
in the nuclei independently of temperature treatment. hTau was mostly
localized in the cytosolic fraction in the control condition. Nuclear hTau
level increased after HS. B, Comet assay showing the effect of human Tau
and human Tau-NLS overexpression in Tau-deficient cells. Data shown are
the means � S.D. of 100 cells measured for each condition. **, p � 0.005.
SYP, synaptophysin.

TABLE 1
Tau deficiency-related DNA damage is not related to cell death
Shown is a representative fast halo assay measuring the percentage of apoptotic
and necrotic cells from wild-type and Tau-deficient cultures untreated or treated
with HS. Apoptotic or necrotic cells were detected in a population of 100 cells
(p � 0.001).

Ratio HS/C
Apoptotic cells Necrotic cells

Tau�/� 0.66 1.01
Tau	/	 1.05 1.10
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Nevertheless, given the strong increase of Tau levels in the
nuclear fraction, changes in Tau transcription within the nu-
cleus cannot be fully ruled out. However, as observed with
changes in Tau phosphorylation and reversibility, it seems
that nucleo-cytoplasmic shuttling of Tau proteins is mainly
responsible for the increase in nuclear Tau.
Interestingly, oxidative stress and hyperthermia quickly

induce nuclear translocation of molecular chaperones (38, 39)
as well as proteins involved in the etiopathology of neurode-
generative diseases, such as �-synuclein (40), the amyloid pre-
cursor protein C-terminal fragment (41) or amyloid precursor
protein partner Fe65 (42) and ataxin-3 (43).
Neurons are highly differentiated postmitotic cells that cannot

divide and cannot survive after irreversible damage; therefore,
neurons are highly susceptible to insult. Because neurons should
survive as long as the organism does, they need to employ pow-
erful defense mechanisms to ensure their functionality and long
term survival (44). Altogether our results demonstrate that nu-
clear Tau emerges as a novel neuronal genome caretaker in
stress condition as illustrated in Fig. 11.
The capacity of Tau to protect neurons in situ fromHS-in-

duced DNA damage was correlated with an increased interaction
of Tau with genomic DNA. To further characterize Tau-DNA
complex formation, we predicted the DNA-binding residues (3)
in the Tau sequence (supplemental Fig. 1). This analysis sug-
gested that the proline-rich domain of Tau is highly susceptible
to interacting with DNA, especially at the epitopes specifically
recognized by Tau1, PT212, and AT180 antibodies. Interestingly,
in vitro results from EMSA previously implicated the proline-
rich domain of Tau in DNA association (8).
Results obtained with netropsin indicates that in situ Tau

interacted with DNA through the A/T-rich minor groove, as
previously demonstrated in vitro (8). DNA protection by mi-
nor groove-binding proteins is a mechanism common to vari-
ous types of cells for efficient preservation of the integrity of
the genome. Histone H1 (45) and Hmgb1 (high mobility
group box 1 protein) (46) are chromatin architectural proteins
that bind to the minor groove of double-stranded DNA and
confer protection to DNA against radiation damage. In pro-

karyotes, spores of Bacillus bacteria represent an astonishing
example of a powerful DNA protection mechanism mediated
by minor groove-binding proteins. Dormant spores of Bacil-
lus can survive for hundreds of years. Spores of Bacillus are
extremely resistant to a wide array of extreme insults, includ-
ing heat, desiccation, toxic chemicals, enzymes, and radiation.
This spore resistance is mainly due to protection against DNA
damage by the binding of small acid-soluble proteins to the
DNA minor groove, inducing protective changes in the struc-
ture of DNA (47, 48). Interestingly, as small acid-soluble pro-
teins, Tau is an acid-soluble molecule. Tau has been previ-
ously purified from brain extracts based on heat stability and
acid solubility derived from a histone purification protocol
(49). It is tempting to speculate that DNA safeguards medi-
ated by Tau might reproduce an ancestral mechanism con-
served during evolution from prokaryotic cells to highly spe-
cialized eukaryotic cells such as neurons to provide powerful
resistance to stress insults. Thus, interaction of Tau with
DNA through the minor groove might be important for neu-
ronal longevity in the brain.
Interest in Tau arose when different laboratories discov-

ered that this protein was the main component of paired heli-
cal filaments that compose neurofibrillary tangles. Neurofi-
brillary tangles are a hallmark of Alzheimer disease (AD) and
other neurodegenerative disorders (the so-called tauopathies)
(15). In AD, aberrant modifications of Tau, including hyper-
and abnormal phosphorylation, oxidation, truncation, and
conformational changes, induce filamentous aggregation and
neurofibrillary tangle formation in selectively vulnerable neu-
rons. Accumulation of nuclear DNA damage in neurons has
been suggested to be a major form of damage involved in AD
(50). Interestingly, the neurons that show neurofibrillary tan-
gle formation in AD are the same that show age-related accu-
mulation of nuclear DNA damage (51). An attractive hypoth-
esis would be that pathological alterations of Tau, e.g.
hyperphosphorylation, might impair its ability to shuttle be-
tween the cytoplasm and the nucleus and/or affect its affinity
for DNA. Thus, altered forms of Tau would fail to efficiently
protect DNA from insults such as oxidative stress, an early
mechanism involved in AD etiopathology. Impairment of
DNA protection by altered Tau would contribute to func-
tional failure of neurons and might represent an essential
mechanism of AD etiopathology.
In conclusion, this study highlights a new function for Tau

as a key player in the neuronal early stress response and dem-
onstrates the dramatic DNA safeguarding activity of nuclear
Tau. The demonstration of a new function for neuronal nu-
clear Tau may have important implications for a better under-
standing of neuronal biology and AD etiopathology.
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FIGURE 11. Tau-mediated DNA protection in postmitotic neurons.
Shown is a scheme illustrating the nuclear Tau protection of DNA integrity
in heat-stressed neurons.
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Blatch, G. L. (2008) BBA 1783, 1003–1014

39. Kodiha, M., Chu, A., Lazrak, O., and Stochaj, U. (2005) Am. J. Physiol.
Cell Physiol. 289, C1034–1041

40. Xu, S., Zhou, M., Yu, S., Cai, Y., Zhang, A., Uéda, K., and Chan, P. (2006)
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