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Abstract

Tau is known for its pathological role in neurodegenerative diseases, including Alzheimer’s disease (AD) and other
tauopathies. Tau is found in many subcellular compartments such as the cytosol and the nucleus. Although its normal
role in microtubule binding is well established, its nuclear role is still unclear. Here, we reveal that tau localises to the
nucleolus in undifferentiated and differentiated neuroblastoma cells (SHSY5Y), where it associates with TIP5, a key player
in heterochromatin stability and ribosomal DNA (rDNA) transcriptional repression. Immunogold labelling on
human brain sample confirms the physiological relevance of this finding by showing tau within the nucleolus colocalises
with TIP5. Depletion of tau results in an increase in rDNA transcription with an associated decrease in heterochromatin
and DNA methylation, suggesting that under normal conditions tau is involved in silencing of the rDNA. Cellular stress
induced by glutamate causes nucleolar stress associated with the redistribution of nucleolar non-phosphorylated tau, in a
similar manner to fibrillarin, and nuclear upsurge of phosphorylated tau (Thr231) which doesn’t colocalise with fibrillarin or
nucleolar tau. This suggests that stress may impact on different nuclear tau species. In addition to involvement in rDNA
transcription, nucleolar non-phosphorylated tau also undergoes stress-induced redistribution similar to many nucleolar
proteins.
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Background
The microtubule-associated protein, tau, was first de-
scribed as a protein that promotes and stabilises micro-
tubule assembly [43]. It plays a major role in several
neurodegenerative diseases called tauopathies, the most
common of which is Alzheimer’s disease (AD). Tau is
found in both neuronal and non-neuronal cells, has nu-
merous different isoforms and localises to multiple cellu-
lar compartments, indicating that it may play many
cellular roles [6]. However, for nearly 30 years, the ma-
jority of tau research has focused on its role in micro-
tubule biology (stability/assembly) and the implications
associated with tauopathies. In AD, tau becomes hyper-
phosphorylated and/or truncated and forms paired hel-
ical filaments (PHF) that become deposited in
neurofibrillary tangles (NFTs) in the cell bodies of neu-
rons. These structures, together with amyloid plaques,

constitute the main hallmark of AD. The cellular modifi-
cations that accompany the generation of these insol-
uble, fibrous deposits are believed to play an essential
role in neurodegeneration.
A nuclear form of tau has been characterised in sev-

eral cell lines, primary neurons, mouse brain and human
brain tissues (reviewed in [6]. Nuclear tau species are
often visualised distributed throughout the nucleus, de-
pending on the protocol, antibody used and stage of dif-
ferentiation [10, 23]. In neurons, non-phosphorylated
tau is mostly seen in the nucleus [42], but can localise to
the nucleolus during cellular stress [39]. In neuroblast-
oma cells, non-phosphorylated tau appear in puncta that
localise to the nucleolar organiser region [22]. The nu-
cleolus is the major hub for rRNA gene metabolism. Tau
has been found to localise with key nucleolar proteins
like nucleolin and upstream binding transcription factor
(UBF), as well enhance interactions of RNA-binding pro-
teins like T cell intracellular antigen 1 (TIA1) with ribo-
nucleoproteins, suggesting a role for it in rRNA gene
metabolism [4, 37, 41]. Tau has been found to
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co-localise with the pericentromeric heterochromatin
[37], to play a role in its stability [26], and regulate tran-
scription [14]. Tau mutations appear to alter chromo-
some stability [35], while tau pathology induces
chromatin relaxation [11, 14].
Non-phosphorylated tau has been found to translo-

cate to the nucleus playing a role in DNA protection
during heat stress [39]. Other reports demonstrate
that stress induced by formaldehyde or Aβ42 pro-
motes the nuclear influx of phosphorylated species
of tau and this coincides with cellular and DNA
damage [24, 25, 31]. These studies suggest that nu-
clear species of tau may be affected differently de-
pending on the type or severity of the cellular stress.
However, it is not clear whether the nuclear phos-
phorylated tau accumulates in the nucleolus and
whether the species of tau localised to the nucleolus
behaves like nucleolar proteins, such as nucleophos-
min (B3) and fibrillarin (FBL) which become redis-
tributed during nucleolar stress [19]. Nucleolar stress
is thought to be an early event in cellular dysho-
meostasis, preceding apoptosis and occurs in neuro-
degeneration [2, 8, 40, 44].
To understand the role of tau on nucleolar function

and impact of cellular stress on its nucleolar localisation,
here we show that nuclear non-phosphorylated tau lo-
calises within the nucleolus in undifferentiated and dif-
ferentiated human SHSH5Y neuroblastoma cells, where
it associates with TIP5, the major subunit of the Nucle-
olar Remodelling Complex (NoRC) and a key player of
heterochromatin stability at constitutive heterochroma-
tin and rDNA [34]. We reveal that tau knockdown leads
to an increase in rDNA transcription and associated de-
stabilisation of the heterochromatin indicating that it
plays a role in rDNA transcription. Furthermore, glu-
tamate induced stress causes a redistribution of nucle-
olar tau associated with nucleolar stress indicating that
tau behaves like other nucleolar proteins. Immunogold
co-labelling electron microscopy analysis of human brain
tissue sections shows tau localised with TIP5 in the
nucleolus, highlighting the physiological relevance of our
findings.

Methods
Cell culture
Undifferentiated SHSY5Y neuroblastoma cells were
maintained in DMEM/F-12 (Life Technologies, UK),
supplemented with 1% (v/v) L-glutamine 1% (v/v) peni-
cillin/streptomycin and 10% (v/v) Fetal Calf Serum
(FCS). For experiments involving differentiated cells,
SHSY5Y cells were incubated for five days in a medium
containing 1% FCS supplemented with 10 μM
trans-Retinoic acid (Abcam, ab120728), followed by two
days incubation with 2 nM brain-derived neurotrophic

factor (BDNF) in serum-free media (GF029, Merck Milli-
pore). Cells were treated with 2 mM or 20 mM glutamate
(dissolved in DMEM/F-12) or untreated two days
post-BDNF incubation.

siRNA transfection
SHSY5Y cells were maintained for 72 h in Accell
SMARTpool siRNA against Tau (Tau siRNA) or
non-targeting pool (NT siRNA) (Additional file 1:
Table S3) at a concentration of 1.5 μM mixed in
Accell siRNA Delivery Media (B-005000-100,
Dharmacon).

Western blotting
SHSY5Y cells treated or untreated with a test compound
were fractionated using 1X RIPA (Abcam, ab156034),
supplemented with protease (P8340, Sigma) and phos-
phatase (P0044, Sigma). A total of 10 μg of protein from
each sample were loaded to 4-20% Mini-PROTEAN Pro-
tein Gels (4568094, BIO-RAD), for SDS-PAGE at 100 V.
The proteins were transferred to PVDF membrane
(IPVH00010, Merck Millipore) at 100 V, then blocked in
blocking buffer (5% (w/v) milk dissolved in washing buf-
fer (TBS-Tween Tablets solution) (524,753, Merck Milli-
pore), and incubated at 4 °C overnight with the different
primary antibodies (Additional file 1: Table S1) diluted
in the blocking buffer. The membranes were washed in
the wash buffer 5× for 10 min each and probed at RT
on a shaker for 1 h in the corresponding secondary anti-
bodies diluted in blocking buffer. The membranes were
washed 5× for 10 min each and subsequently developed
in the darkroom after incubation in Clarity Western
ECL substrate for 1 min (1,705,060, BIO-RAD). For
loading control antibodies or sequential analyses of other
proteins on the same membrane using other antibodies,
the membranes were stripped using Restore™ PLUS
Western Blot Stripping Buffer (46,428, Thermofisher Sci-
entific), then blocked, and probed as described above.
The blots were scanned at high resolution, and then
bands were quantified using Image J software.

Immunoprecipitation
SHSY5Y cells were fractionated using RIPA supple-
mented with protease and phosphatase inhibitors and
1.25 units of Benzonase Nuclease (E1014, Sigma), and
used at least 2 h afterwards for immunoprecipitation
using Dynabeads protein G according to manufacturers
protocol (10007D, Life technologies). At the final step,
the beads-antibody-antigen complexes were eluted in
30 μL of 50 mM Glycine (pH 2.8) and 15 μL 1×
Laemmli Sample Buffer (1,610,747, BIO-RAD), supple-
mented with 1:10 dilution of 2-Mercaptoethanol (Sigma,
M-6250), and boiled at 80 °C for 10 min. The beads were
separated from the magnet and supernatant (containing
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the eluted protein) and used for SDS-PAGE/Western
blotting.

Immunofluorescence labeling
SHSY5Y cells treated or untreated with a test compound,
were re-suspended in PBS and spun onto a glass slide at
800 RPM for three min using Cytospin Centrifuge (Cell-
Spin I, Tharmac). Cells were fixed with 4% paraformal-
dehyde/PBS for 15 min, PBS-washed, permeabilised
using 0.5% TritonX-100/PBS for 15 min and
PBS-washed. The slides were blocked in blocking buffer
[4% BSA/PBS/Tween-20 (0.02%)] for 45 min, incubated
with primary antibody for 45 min, PBS-washed three
times, incubated in Alexa fluorophore-conjugated corre-
sponding secondary antibody for 45 min. The slides
were PBS-washed three times, incubated in 1/1000
DRAQ5 (ab108410, Abcam) diluted in PBS/Tween-20
(0.02%) for 10 min and mounted with coverslips using
ProLong Gold Antifade mountant (P36930, Life tech-
nologies) or ProLong Gold Antifade mountant with
DAPI (P36935, Life technologies). For the labelling of
5-Methylcytosine /(5-mC), cells on the glass slides were
fixed with 2.5% PFA/PBS for 30 min at RT, PBS-washed,
permeabilised for 1 h at RT with 0.5% Triton X-100/
PBS. The cells were next washed in wash buffer [PBS/
0.1% Triton X-100 (PBST)] and incubated with 2 N HCl
for 30 min at 37 °C to depurinate the DNA, followed by
2 × 5 min wash with 0.1 M borate buffer (pH 8.5). They
were then rinsed twice with PBS-T, blocked in blocking
buffer (1%BSA/PBS-T) for 1 h at RT, incubated with the
primary antibody diluted in the blocking buffer for 2 h
at RT and washed three times in PBS-T. Then they were
incubated with the corresponding secondary antibody
diluted in the blocking buffer for 45 min at RT in the
dark and washed three times in PBS-T, then stained with
DRAQ5 and mounted.

Confocal microscopy imaging and analysis
Images were taken using a 100× oil objective of LSM510
Meta confocal microscope mounted on Axiovert200M
using pinhole size of 1 Airy unit. All images were col-
lected as Z-stacks for all channels using a step size of
1 μm to allow the analysis of the entire signal in the
cells. Subsequently, images were Z-projected to sum all
signals and then analysed using image J. Five randomly
collected images from each experiment and an average
of 150 cells per experiment were subjected to the Image
J analysis. For the quantification of nuclear foci/cluster,
Image J procedure presented by the light microscopy
core facility of Duke University was used [9]. For the
quantification of total nuclear fluorescence intensities,
the nuclei were first segmented by thresholding using
DAPI/DRAQ5 channel, excluding fused nuclei or those
at the edges. Subsequently, the multi-measure option on

the image J ROI manager was used to measure nuclear
fluorescence from all channels in only segmented nuclei.
The total corrected nuclear fluorescence (TCNF) was
then calculated as TCNF = Integrated Density – (Area of
selected cell X Mean fluorescence of background read-
ings [3]. For the quantification of nucleolar nP-Tau and
Fibrillarin redistribution, Z-stack images were
Z-projected to maximum intensity, before cells positive
for the redistribution were counted.

Immunogold labelling transmission Electron microscopy
(TEM)
Brain tissue from the middle frontal gyrus of human
brain (see Additional file 1: Table S2) was analysed
under local ethics approval and provided by London
Neurodegenerative Diseases Brain Bank with informed
consent as previously described [1]. The immunogold la-
belling for these sections and the SHSY5Y cells were
performed by minimal, cold fixation and embedding
protocols, as previously described using an established
method that employs PBS+ buffer for dilution of all
immunoreagents and washes [1, 38]. Thin sections were
collected onto 300-mesh high transmission hexagonal
Nickel grids (Agar Scientific), blocked with normal goat
serum (1:10 dilution) for 30 min at RT, single or doubled
labelled using antibodies for 12 h at 4 °C. The grids were
washed three times with PBS+ for 2 min each, then in-
cubated with appropriate gold particle conjugated sec-
ondary antibodies for 1 h at RT (see antibody section
and results). The grids were next washed three times for
10 min each in PBS+ and four times for 5 min each in
distilled water, dried for 5–10 min and then post-stained
in 0.22 μm-filtered 0.5% (w/v) aqueous uranyl acetate for
1 h in the dark. The grids were finally washed with dis-
tilled water five times at 2 min intervals and left to dry
for at least 12 h before TEM observation.

TEM imaging and analysis
JEOL JEM-1400 Transmission Electron Microscope with
a Gatan OneView® camera was used to image the grids
at 120 V. For colocalisation analysis in the human brain,
four nuclei per grid, of medium to large size (> 50% of
X8000 magnification view), were randomly selected and
imaged at X15000-X20000 magnification. Four grids
were taken from each case, accounting for one repeat
for the two double immunolabelling cases. In all cases,
randomised selection was undertaken by identifying nu-
clei at low magnification (X5000), then imaging at higher
magnification. All images were analysed using Image J.
For colocalization analysis on brain sections, each ob-
served 15 nm gold particle, signifying a Tau 1 antigen,
was checked for colocalisation with 5 nm gold particles,
signifying TIP5 antigens. Our definition of colocalisation
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is; when the number of one antigen (TIP5 particles)
within a 5 0 nm radius of the second antigen (Tau 1) is
greater than zero (n > 0). Gold particles were included in
our analysis if; Tau 1 particles measured between
11≤x≤19 nm and TIP5 particles measured between
1≤x≤9 nm. The method of colocalisation analysis was
roughly based on the cross-K function; we used the
number of gold particles of the first type at distances
shorter than a given distance from a typical particle of
the second type divided by the area of the 50 nm inclu-
sion circle [29].

CellROX green assay
Oxidative stress was measured in treated or untreated
SHSY5Y cells using CellROX Green Reagent (C10444,
Lifetechnologies UK).

Nascent RNA and protein synthesis
Nascent RNA and protein synthesis were visualised re-
spectively using Click-iT RNA Alexa Fluor 488 Imaging
Kit (C10329, Life technologies) and Click-iT HPG Alexa
Fluor 488 Protein Synthesis Assay Kit (C10428, Life
technologies) following the manufacturer’s instructions
and images were taken using a 100× oil objective of
LSM510 Meta confocal microscope mounted on Axio-
vert200M using pinhole size of 1 AU.

RNA Extraction and Complementary DNA (cDNA)
synthesis
RNA was extracted from SHSY5Y cells treated or un-
treated using the protocol supplied by Lifetechnologies
and subsequently used for cDNA synthesis using the
High Capacity cDNA Reverse Transcription Kit
(4,368,814, Life technologies, UK).

Restriction digest for DNA methylation assays
Whole DNA extract from control or Tau knockdown
SHSY5Y cells were digested with 2 U/μL of HpaII
(R6311, Promega) or MspI (R6401, Promega), or they
were mock-digested. T0 region was amplified using
specific primers and samples were run on 10% agarose
gel for quantitative analysis. For further details, see
Additional file 1: Table S4.

Quantitative polymerase chain reaction (qPCR)
Maxima Probe/ROX qPCR Master Mix (2X) (K0232,
Life technologies), 20X TaqMan gene expression assay
(Life technologies UK, Table S4) and Nuclease-free water
were transferred to a white 96-well semi-skirted PCR
plate (I1402–9909-BC, StarLab, UK). A standard curve
was prepared using serial dilution of cDNA and qPCR
was carried out on all samples using Roche LightCycler

480 II (Roche Diagnostics, Basel, Switzerland). See
Additional files for detailed methods.

Statistical analysis
All data were subjected to Kolmogorov-Smirnov (K-S)
normality test and then students t-test using GraphPad
InStat.

Results
Tau localises to the nucleolus in undifferentiated and
differentiated neuroblastoma (SHSY5Y) cells
There is increasing interest in the non-microtubular
roles of the human tau protein. Here we utlised SHSY5Y
neuroblastoma cells to investigate tau’s function in the
nucleus. This human cell line was chosen as a model
system because it expresses human tau at normal levels
without the need for overexpression in transfected or
transgenic primary neurons. Immunogold electron mi-
croscopy using a primary antibody against total tau
(henceforth called T-Tau) confirmed the presence of tau
in the nucleus localised within the nucleolus in the un-
differentiated SHSY5Y cells (Fig. 1a). Nucleolar tau has
been traditionally identified using Tau 1 antibody, which
identifies tau which is non-phosphorylated on serine
195, 198, 199 and 202 [22], henceforth referred to here
as “nP-Tau”. We used an antibody against nP-Tau to in-
vestigate the localisation of nucleolar tau using double
labelling with fibrillarin (FBL) - a nucleolar marker.
Immunofluorescence microscopy showed that nP-Tau
was found mainly in the nucleolus co-localised with FBL
(Fig. 1b). This colocalisation of nP-Tau with FBL was
also confirmed in HeLa cells (Additional file 1: Figure
S1A). To explore this association in more neuron-like,
non-dividing cells, SHSY5Y cells were differentiated
using retinoic acid and brain-derived neurotrophic factor
(BDNF). This generates terminally differentiated cells
that phenotypical and biochemically resemble neurons,
with morphologically distinguishable extended neurites
(Additional file 1: Figure S1B) [18]. Immunofluorescence
confirmed that nP-Tau colocalises with FBL in
differentiated SHSY5Y cells (Fig. 1c).
The localisation of tau to the nucleolus and its role in

pericentromeric heterochromatin stability [26], led us to
investigate whether it associates with Transcription Ter-
mination Factor I-Interacting Protein 5 (TIP5), a protein
that localises to the nucleolar and constitutive hetero-
chromatin and crucial for the stability of these domains
[36]. Immunoprecipitation (IP) revealed that nP-Tau as-
sociates with TIP5 in undifferentiated and differentiated
SHSY5Y cells (Fig. 2ai), suggesting a potential role for
tau in nucleolar heterochromatin processes. Further-
more, double immunogold labelling using primary anti-
bodies against nP-Tau (Tau1) and TIP5, demonstrated
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that tau co-localises with TIP5 in the nucleolus (Fig.
2aii). Together, this revealed that in both undifferenti-
ated and differentiated SHSY5Y cells tau associates with
TIP5. These results show that nucleolar tau retains its
nucleolar localisation and possible function even after
differentiation contrary to previous assumptions that its
role may be not be needed after differentiation [5].

Tau knockdown increases rDNA transcription
Depletion of TIP5 has been previously shown to en-
hance rDNA transcription [34]. To dissect the specific
role of tau in the nucleolus, we investigated whether it

may play a similar or opposing role to TIP5 in the rDNA
transcription regulation. RNA interference using a pool
of non-targetting siRNA as control and a pool targetting
tau were used to transiently deplete tau, then the func-
tional consequence of its down-regulation was investi-
gated. Undifferentiated SHSY5Y cells were incubated for
72 h with 1.5 μM Accell siRNA resulting in a reprodu-
cible and significant loss of tau at both the protein and
mRNA levels (Fig. 2b).
Evidence from tau KO mice showed an enhance-

ment of expression of many genes [32] such as an
increase in pericentromeric heterochromatin tran-
scription [26]. To explore the consequence of tau

Fig. 1 Tau localises to the nucleolus in undifferentiated and differentiated Neuroblastoma (SHSY5Y) cells. a Immunogold labelling of undifferentiated cells
with T-Tau antibody using 10 nm gold particle-conjugated secondary antibody showed tau gold particles within the Nucleolus (1).
Nucleus is highlighted in pink and nucleolus used in second panel is highlighted in blue. The region 1, is identified by a black box.
Representative immunofluorescence fluorescence images showing colabelling for nP-Tau and FBL in undifferentiated (b) and
differentiated (c) cells using Tau 1 antibody shows clear punctate distribution of nP-Tau colocalised with fibrillarin (FBL).
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knockdown on the nucleolus, rDNA transcription
levels were measured. Interestingly, this revealed a
significant increase in 45S-pre-rRNA synthesis and
processing, indicating an increase in rDNA transcrip-
tion (Fig. 2ci). Since nucleolar protein levels are im-
portant for rDNA transcription and/or processing,
the levels of the nucleolar transcription factor,

upstream-binding factor (UBF), and TIP5 were mea-
sured following tau knockdown. There was no differ-
ence between cells treated with tau siRNA and
non-targeting siRNA (Fig. 2cii). Overall, this suggests
that tau could play a role in transcriptional silencing
of the rDNA, similar to TIP5, since its knockdown
allowed an increase in transcription of the rDNA.

Fig. 2 Tau localises with TIP5 and impacts on rDNA transcription and heterochromatin. Immunoprecipitation from whole cell lysates showed that
tau associates with TIP5 in both undifferentiated (U.SHSY5Y) and differentiated cells (D.SHSY5Y) (ai). Double immunogold labelling revealed that
Tau (15 nm) (white arrow) and TIP5 (5 nm) (black arrow) closely associate inside the nucleolus (blue) in SHSY5Y cells (see insert highlighted by
black box) (aii). b Western blotting (i) and qPCR (ii) to confirm siRNA tau knockdown in undifferentiated SHSY5Y cells. ci qPCR on samples from
the knockdown cells showed a significant increase in 45S-pre-rRNA synthesis (rDNA transcription), 18S rRNA and 28S rRNA processing.
[45S pre-rRNA P = 0.017], [18S rRNA P = 0.018]; [28S rRNA P = 0.0038]. (cii) Western blotting shows that proteins levels of TIP5 and UBF are
unchanged in tau knockdown cells. d & e Representative immunofluorescence fluorescence images showing labelling for H3K9me2/
H3K9me3 control and in knockdown cells. Graphs showing quantification from four independent experiments, each with five images and
each containing an average of 30 cells. Quantitative immunofluorescence labelling showed that the tau knockdown resulted in a significant reduction
in the levels of H3K9me2 [P < 0.0001] (D) and number of H3K9me3 foci [P < 0.0001] (e). Labelling for 5-Methylcytosine (5-MC) showed that the tau
knockdown resulted in a significant reduction in the nuclear levels of 5-mC methylation [P < 0.0001] (f). Analysis of HpaII resistance assay showed that
tau knockdown reduces the T0 element methylation (g). *P < 0.05. Experiment Aii = N2. All other experiments N≥ 4
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Tau knockdown impacts on the integrity of the
heterochromatin
Heterochromatin remodelling has been demonstrated
to modulate rDNA transcription [21]. TIP5 has been
shown to be indispensable for heterochromatin for-
mation and rDNA silencing [13, 34]. Given that we
showed an association between tau and TIP5, we
speculated that the increase in rDNA transcription
may result from the influence of tau on heterochro-
matin stability similar to TIP5. H3K9me3 and
H3K9me2 are impermissive epigenetic markers which
are constituents of both nuclear and nucleolar hetero-
chromatin. Depletion of TIP5 has been shown to re-
duce the levels of H3K9me3 [13, 34]. In untreated
SHSY5Y cells, H3K9me2 shows pan-nuclear staining
(Fig. 2d), while the H3K9me3 concentrate in foci that
indicate constitutive heterochromatin (Fig. 2e). To in-
vestigate whether the loss of tau alters the integrity of
the heterochromatin we measured the levels and dis-
tribution of H3K9me3 and H3K9me2 in tau KO cells
and found a decrease in H3K9me3 foci, with an ac-
companying decrease in the total nuclear intensities
of H3K9me2 (Fig. 2d-e), thus showing a loss of het-
erochromatin following the tau knockdown.
Heterochromatin formation is known to be associated

with DNA methylation to provide stability to hetero-
chromatinised genes. To investigate whether tau knock-
down also has consequences on DNA methylation,
nuclear levels of 5-methylcytosine (5-mC) were mea-
sured and found to be significantly reduced following re-
duction of tau (Fig. 2f ). To investigate whether changes
in CpG methylation on rDNA are associated with the
impact of tau knockdown on rDNA transcription, we
measured the level of methylation on the rDNA using
restriction digest. Consistent with finding a reduction in
global DNA methylation (Fig. 2f ), this revealed a signifi-
cant reduction of the CpG methylation of T0 region of
rDNA following the tau knockdown (Fig. 2g). Together,
these findings suggest that the increase in rDNA tran-
scription observed following the tau knockdown likely
resulted from its impact on the heterochromatin, such
that its depletion resulted in heterochromatin loss and
transcription permissive environment leading to in-
creased rDNA transcription.

Nucleolar stress co-occurs with the redistribution of
nucleolar nP-tau
Tau’s localisation and functional role are affected by
cellular stress and during neurodegeneration. To in-
vestigate the impact of cellular stress on nucleolar
tau, differentiated SHSY5Y cells were stressed using
glutamate. Glutamate has been previously shown to
induce toxicity in SHSY5Y cells via a ROS-dependent
mechanism [15], and incubation with up to 80 mM

glutamate was shown to result in
concentration-dependent excitotoxicity at 48 h in both
undifferentiated and differentiated SHSY5Y cells [30].
Differentiated cells incubated with 20 mM glutamate for
2 h resulted in significant oxidative stress, compared to
the untreated control (Fig. 3a).
The nucleolus is susceptible to cellular stress, causing

rapid degradation of nucleolar proteins [7]. To investi-
gate whether the glutamate incubation induces nucleolar
stress, the levels of key nucleolar proteins were exam-
ined. Western blotting for FBL, UBF and TIP5 revealed
a reduction in intensity of the bands for all three pro-
teins and analysis showed a significant decrease in TIP5,
FBL and UBF protein levels in glutamate-treated cells
compared to controls (Fig. 3b). The rapid decrease in
these nucleolar proteins implies that the glutamate treat-
ment directly affects the nucleolus causing its reorgani-
sation. Indeed, different cellular stresses feed into the
nucleolus, leading to the regulation of the energy con-
suming process of ribosome biogenesis through the in-
hibition of rDNA transcription allowing for the
regulation of energy expenditure during stress. To fur-
ther confirm the presence of nucleolar stress, we mea-
sured the levels of 45S pre-rRNA and found that the
glutamate treatment led to a decrease (14%) in 45S
pre-rRNA, indicative of a reduction in rDNA transcrip-
tion (Fig. 3c). These findings revealed that the stress in-
duced by glutamate impacts on the nucleolus, causing
nucleolar stress, which ultimately results in cell death
[40].
Another feature of nucleolar stress is the redistribution

of nucleolar proteins, like FBL [19]. We quantified the
percentage of cells showing FBL redistribution following
the glutamate stress, revealing that 33% of the
glutamate-treated cells showed FBL redistribution to the
nucleoplasm (Fig. 3di and ii). We then investigated
whether nucleolar nP-Tau also undergoes redistribution
due to the glutamate stress. Interestingly, although to a
lesser extent to the FBL redistribution, approximately
14% of the glutamate-treated cells also showed nucleolar
nP-Tau redistribution to the nucleoplasm (Fig. 3di and
iii). All cells that showed nucleolar nP-Tau redistri-
bution also exhibited FBL redistribution, while 19%
of the cells showed only FBL redistribution and
some showed non-punctate, diffuse and decreased
FBL staining, indicating the FBL may have been de-
graded, leaving behind nucleolar nP-Tau (Fig. 3di). A
short incubation of cells with lower concentration of
glutamate (2 mM) also induced FBL redistribution to
a greater extent than nucleolar nP-Tau, but to a
lower extent than changes induced by 20 mM glu-
tamate (Additional file 1: Figure S1C). This suggests
that there is a dose dependent effect of the glutam-
ate stress on nucleolar tau redistribution and also
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implies that nucleolar nP-Tau is less susceptible to
the stress-induced redistribution/degradation com-
pared to FBL.
Interestingly, while no changes in total levels of tau

were observed, the glutamate incubation results in an in-
crease in cellular levels of nP-Tau by western blotting
(54%) (Fig. 3dv), which could also be observed by
immunofluorescence microscopy (Fig. 3di). This was
in-turn associated with its nuclear accumulation (Fig. 3civ),

similar to previous studies which suggest a role for
this tau species in nuclear protection [39]. Without
impacting on total tau levels, a short incubation with
2 mM glutamate also showed a mild increase in the
levels of nuclear nP-Tau, further highlighting a
concentration-dependent effect (Additional file 1:
Figure S1C, E). Its increase in the nucleus may sug-
gest why nucleolar nP-Tau was less affected by the
glutamate stress compared to FBL.

Fig. 3 Nucleolar stress co-occurs with the redistribution of nucleolar nP-Tau. a Flow cytometry experiments with CellROX Green following 20 mM
Glutamate treatment of differentiated SHSY5Y showed oxidative stress [P= 0.0013]. b Western blotting analysis revealed that the glutamate treatment led
to a significant decrease in TIP5, UBF, and FBL. [TIP5 P < 0.0001]; [UBF P= 0.0004]; [FBL P= 0.0002]. c qPCR analysis of rDNA transcription and processing
showed that the glutamate incubation resulted in a significant decrease in 45S pre-rRNA synthesis [45S pre-rRNA P= 0.008]. d Representative
immunofluorescence fluorescence images showing labelling for nP-Tau and FBL control and following glutamate treatment (Arrows showing regions in
which colocalisation of nP-Tau and FBL is altered by Glutamate treatment). Graphs showing quantification from four independent experiments each with
five images and each containing an average of 35 cells. Glutamate administration resulted in redistribution of nucleolar nP-Tau from FBL (blue arrow), as
well as FBL redistribution from nP-Tau (white arrows) compared to the control. Analysis of immunofluorescence reveals a significant increase in the
number (33%) of cells showing FBL redistribution (dii) [P< 0.02]. Quantification revealed that 14% of Glutamate-treated cells showed nucleolar nP-Tau
redistribution (diii). [P < 0.02]. Total level of nuclear nP-Tau is increased (div) [P< 0.001]. dv Western blotting on whole cell extracts showed a significant
increase in nP-Tau, with no changes in T-Tau levels. nP-Tau [P < 0.0001]; T-Tau: [P= 0.47]. Intensity normalised to β-actin. Images showing nucleolar tau and
FBL in untreated and treated cells were Z-projected for maximum intensity. For all experiments N≥ 4
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Cellular stress induces the accumulation of
phosphorylated tau in the nucleus
Some studies have demonstrated that cellular stress
induces the nuclear influx of phosphorylated species
of tau and this coincides with cellular and DNA
damage [24, 25, 31]. Effects of glutamate stress on
nuclear tau phosphorylation were investigated using

immunofluorescence microscopy employing Z
stacking to enable direct visualisation of the distribu-
tion of nuclear tau with DAPI co-fluorescence to
allow unbiased quantification of the signals through-
out the entire nuclear volume. Interestingly, this re-
vealed that the glutamate administration also led to
an increase in P-Tau (Fig. 4a). Indeed, T-Tau

Fig. 4 Cellular stress induces nuclear accummulation of P-Tau which does not colocalise with nucleolar markers. Representative
immunofluorescence fluorescence images showing labelling for P-Tau and T-Tau control and following glutamate treatment. Graphs show
quantification from four independent experiments, each with five images and each containing an average of 40 cells. Immunofluorescence
microscopy showed a significant increase in nuclear levels of P-Tau (a) and T-Tau (b). T-Tau: [P < 0.0001] and P-Tau: [P < 0.0001]. Double labelling
revealed that the nuclear P-Tau does not colocalise with FBL (c) or nP-Tau (d). N≥ 4
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antibody also showed an increase in nuclear tau sug-
gesting an overall increase in tau species in the nu-
cleus (Fig. 4b). A short incubation of cells with
2 mM glutamate also increased both P-Tau and
T-Tau nuclear levels, although to lesser extent than
with 20 mM glutamate (Additional file 1: Figure S1D).
This shows that the glutamate-induced stress results
in an increase in different tau species in the nucleus
(nP-Tau and P-Tau), which may impact on nuclear
function differently [24, 25, 31, 39]. Importantly, given
that the response observed following both 2 mM and
20 mM Glutamate treatment occured without any
changes in total tau levels (Fig. 3dv and Additional file 1:
Figure S1E), suggesting that the changes in the levels of
nP-Tau and P-Tau observed is not due to an increase in
protein translation.
To investigate whether P-Tau localises to the nucle-

olus, we examined whether P-Tau colocalises with the
nucleolar marker - FBL, or nucleolar nP-Tau. Interest-
ingly, this showed no colocalisation of P-Tau with FBL
or with nP-Tau in control and glutamate-treated cells
(Fig. 4c-d) suggesting that the P-Tau localises in
non-nucleolar nuclear compartment, suggesting distinct
roles for nuclear nP-Tau and P-Tau.
Overall, these results revealed that cellular stress im-

pacts on tau species differently, such that some tau may
become phosphorylated and accumulate in the nucleus
in extra-nucleolar compartments, while nucleolar
nP-Tau becomes redistributed. Collectively, these result
suggest that under normal conditions, tau plays a role in
limiting rDNA transcription, since its depletion leads to
an increase in rDNA transcription similar to TIP5.
Under conditions of nucleolar stress, nucleolar nP-Tau
becomes redistributed similar to other nucleolar proteins
such as FBL, nucleophosmin and TIF-IA [17, 20, 27],
which ultimately results in cell death [40].

Nuclear tau in the human brain
To confirm the presence of nuclear tau in human
tissue, we conducted immunogold electron micros-
copy on middle frontal gyrus tissue sections of hu-
man brain. Although tau in the human brain was
previously visualised in the nucleolus using immuno-
fluorescence microscopy, because the staining was
weak, it was thought that it might not be present in
terminally differentiated cells, such as neurons [5].
Under the transmission electron microscope (TEM),
heterochromatin appears as electron-dense region,
while euchromatin is electron lucent. The nucleolus
often appears as darkly stained, granular spherical
bodies. Immunogold labelling showed that T-Tau lo-
calises in the nucleus, within the nucleolus in the
normal human brain (Fig. 5a). Similarly, and in line
with our findings in SHSY5Y cells, we observed

nP-Tau associates with TIP5 within the nucleolus (Fig. 5b).
Co-localisation analysis of gold particles revealed that
nP-Tau associates with TIP5 as close as 11 nm apart,
and approximately 30% of nuclear nP-Tau is associ-
ated with TIP5 within a 50 nm radius. Overall, these
findings show a relationship between nP-Tau and
TIP5 in both cell models and human brain tissue,
suggesting a functional relevance. These results
demonstrate the presence of nucleolar tau in the hu-
man brain.

Discussion
Here we reveal a close association between tau and TIP5
in the nucleolus in SHSY5Y cells and in human brain tis-
sue. Based on this association and the widely known role
of TIP5 in transcriptional silencing of rDNA, we tested
whether nP-Tau plays a role in rDNA transcription. De-
pletion of tau resulted in increased transcription of
45S-pre-rRNA suggesting a role for nP-Tau in gene si-
lencing and heterochromatin stability. Under conditions
of oxidative stress, nucleolar nP-Tau becomes relocalised
and the levels of nuclear T-Tau and P-Tau (Thr231) in-
crease in a dose dependent manner.
Tau has been shown to localise with acrocentric chro-

mosomes [22] and heterochromatin in human fibro-
blasts, lymphoblasts and HeLa cells [37], suggesting it
may play a role in heterochromatin regulation. A recent
study revealed that tau KO transgenic mice harbour
pericentromeric heterochromatin instability, which can
be rescued by tau overexpression in the nucleus [26].
Here, we reveal that tau localises to the nucleolus in
both SHSY5Y cells and the human brain where it is as-
sociated with TIP5. TIP5 has been shown to interact
with the nucleolar and constitutive heterochromatin
(pericentromeric and telomeric heterochromatin) and
plays a vital role in the establishment of these chromatin
domains [13, 34]. Here we revealed that depletion of tau
led to a reduction in H3K9me3 foci, H3K9me2 nuclear
levels and 5-methylcytosine, indicating heterochromatin
instability. These results suggest that similar to TIP5, tau
may play a role in the heterochromatin complex, such
that its knockdown led to heterochromatin loss, likely
leading to the increase in rDNA transcription. Previ-
ously, tau KO mice also showed that its absence en-
hances the transcription of several genes [32], including
the pericentromeric chromatin [26] and smarce1 gene
[12]. Moreover, tau pathology has been found to induce
chromatin relaxation and enhance the transcription of
many genes suggesting a role for tau in chromatin re-
modelling [11, 14].
How tau is able to affect chromatin conformation re-

mains unclear. However, we found that tau associates
with TIP5 at the perinuclear border, and within the nu-
cleus in the heterochromatin and nucleolus. Such an
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association may suggest that the heterochromatin and
rDNA transcriptional silencing roles of tau may be me-
diated or facilitated by TIP5 or other chromatin remo-
dellers. TIP5, unlike tau, has different domains that
facilitate interaction with chromatin remodellers and the
DNA, such as AT-hooks, a C-terminal PHD and a bro-
modomain [28].
Various cellular stressors are known to induce nucle-

olar stress, a prominent feature of which is the disrup-
tion of the nucleolus and redistribution of nucleolar
proteins such as nucleophosmin and FBL to the nucleo-
plasm or cytoplasm [19, 44]. Redistributed proteins lose
their functional role, resulting to cell death [40]. Here
we showed that glutamate stress induced nucleolar dis-
ruption and redistribution of FBL. However, the striking
result observed here is redistribution of nucleolar
non-phosphorylated tau. Several studies have located tau
in the nucleolus of several cell lines [6, 10], but its dis-
ease involvement or impact of cellular stress on its local-
isation has not been investigated. This study reveals that

nucleolar tau also undergoes stress-induced redistribu-
tion, similar to other nucleolar proteins, demonstrating a
novel involvement of nucleolar tau in nucleolar stress re-
sponse. Interestingly, several regions of the AD brain
have been shown to have a signature of nucleolar stress,
associated with the reduction of several nucleolar pro-
teins and nuclear tau [16]. Given the role of tau in AD
and many tauopathies, future studies will investigate the
changes and contribution of nucleolar tau to the disease
pathology. Interestingly, the nuclear P-Tau (Thr231)
levels increased in response to stress, but did not coloca-
lise with FBL or with nucleolar nP-Tau. P-Tau Ser396/
Ser404 (PHF-1) has been previously shown to localise in
the nucleus but not nucleolus, of a patient with presenile
dementia with motor neuron disease [33]. On the con-
trary, it was recently shown that inhibition of transcrip-
tion with Actinomycin D induces the localisation of
AT-positive tau (Phospho-Tau (Ser202, Thr205) to the
nucleolus in SK-N-BE neuroblastoma cells [10]. This
generally suggest that different nuclear tau species may

Fig. 5 Immunogold electron microscopy to localise tau in the human brain neuronal nucleus. Brain sections labelled with T-Tau (10 nm gold)
showed the presence of tau in the (ai) nucleus and nucleolus (circle in blue) (aii). Double immunogold labelling for Tau 1 (nP-Tau) (15 nm) (white
arrows) and TIP5 (5 nm) (black arrows) showed that they associate in neuronal nucleolus in human brain (bi zoomed in bii, see insert for labelling
in the nucleolus and nucleolar border). Representative images are shown. Single labelling experiments (a) were conducted on sections from two
human cases, while double labelling (b) was conducted on three cases. For both single and double labelling, four grids were taken from each
case, from which four nuclei per grid of medium to large size were randomly selected and imaged
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exist and play different roles in the nucleus during a
stress response.

Conclusions
In this study, we establish the presence of nP-Tau in the
nucleolus in undifferentiated and differentiated SHSY5Y,
HeLa cells and in human brain tissue. We have revealed
a novel association for tau and TIP5 in the heterochro-
matin and nucleolus in SHSY5Y and brain tissue. Al-
though future studies will address the relationship
between Tau and TIP5 in heterochromatin stability and
rDNA transcription, we postulate that the Tau/TIP5
association may function to stabilise the repressive
epigenetic marks on the rDNA and constitutive het-
erochromatin. This work establishes nP-Tau is a bona fide
nucleolar protein which associates with a key member of
the NoRC.

Additional file

Additional file 1: Figure S1 (A) HeLa cells labelled with nP-Tau and
fibrillarin (FBL), showing that they colocalise. (B) SHSY5Y cells before and
after differentiation showing extended neurites after differentiation with
5 days treatment retinoic acid followed by 2 days treatment with BDNF.
(C) Incubation of cells with 2 mM glutamate led to the redistribution
of both nP-Tau and FBL and increased nuclear levels of nP-Tau. (D)
Incubation of cells with 2 mM glutamate increased nuclear levels of
P-Tau and T-Tau. Table S1 Antibodies. Table S2 Brain Tissues.
Table S3 siRNA sequence. Table S4 List of primers used for ChIP,
PCR and qPCR. (DOCX 2016 kb)

Abbreviations
FBL: Fibrillarin; NoRC: Nucleolar Remodelling Complex; nP-Tau: Non-
phosphorylated tau (at positions Ser 195, 198, 199 and 202); P-
Tau: Phosphorylated tau (at position Thr231); TEM: Transmission electron
microscopy

Acknowledgements
The authors thank Dr. Roger Phillips for his advice on fluorescence
microscopy data acquisition and analysis, Dr. Youssra Al-Hilaly for valuable
help with immunogold labelling studies and Dr. Pascale Schellenberger for
help with electron microscopy.

Funding
This work was supported by funding from Alzheimer’s Research UK, Medical
Research Council (LCS. MR/K004999/1) and Alzheimer’s Society (AS-DTC-
2014-003 for LB and LCS). MBM gratefully acknowledges the funding of a
University of Sussex Chancellors Award, Alzheimer’s Research UK and
generous support from Mr. John Leonida. AJD’s laboratory supported by
grants from the Biotechnology and Biological Sciences Research Council
(BBSRC: BB/H019723/1, BB/M008800/1).

Availability of data and materials
The datasets supporting the conclusions of this article are included within
the article and its supporting information.

Authors’ contributions
MBM designed and conducted the experiments and wrote the manuscript.
LJB designed the experiments and edited the manuscript. SW collected and
analysed TEM data. SP and LB prepared the TEM samples and collected data.
JQ collected TEM data. JT supervised the TEM preparation and analysis and
collected data. AJD consulted on the project, supervised the work and
edited the manuscript. LCS managed the project, supervised the work and
wrote the manuscript.

Ethics approval and consent to participate
Brain tissue was provided by the London Neurodegenerative Diseases Brain
Bank, Institute of Psychiatry, King’s College, London under informed consent
and University of Sussex Approval. We respectfully thank the anonymous
tissue donors and their next of kin.

Consent for publication
Not applicable.

Competing interests
The authors declare they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1School of Life Sciences, University of Sussex, Falmer, Brighton, East Sussex
BN1 9QG, UK. 2Department of Human Anatomy, College of Medical Science,
Gombe State University, Gombe, Nigeria. 3Genome Damage and Stability
Centre, School of Life Sciences, University of Sussex, Brighton BN1 9RQ, UK.

Received: 24 May 2018 Accepted: 30 June 2018

References
1. Al-Hilaly YK, Williams TL, Stewart-Parker M, Ford L, Skaria E, Cole M, Bucher

WG, Morris KL, Sada AA, Thorpe JR, Serpell LC (2013) A central role for
dityrosine crosslinking of amyloid-β in Alzheimer’s disease. Acta
Neuropathologica Communications 1:83–83. https://doi.org/10.1186/2051-
5960-1-83

2. Avitabile D, Bailey B, Cottage CT, Sundararaman B, Joyo A, McGregor M,
Gude N, Truffa S, Zarrabi A, Konstandin M, Khan M, Mohsin S, Volkers M,
Toko H, Mason M, Cheng Z, Din S, Alvarez R Jr, Fischer K, Sussman MA
(2011) Nucleolar stress is an early response to myocardial damage involving
nucleolar proteins nucleostemin and nucleophosmin. Proc Natl Acad Sci U
S A 108:6145–6150. https://doi.org/10.1073/pnas.1017935108

3. Boisvert FM, Koningsbruggen S, Navascués J, Lamond AI (2007) The
multifunctional nucleolus. Nat Rev Mol Cell Biol 8. doi:https://doi.org/10.
1038/nrm2184

4. Bou Samra E, Buhagiar-Labarchede G, Machon C, Guitton J, Onclercq-Delic
R, Green MR, Alibert O, Gazin C, Veaute X, Amor-Gueret M (2017) A role for
tau protein in maintaining ribosomal DNA stability and cytidine deaminase-
deficient cell survival. Nat Commun 8:693. https://doi.org/10.1038/s41467-
017-00633-1

5. Brady RM, Zinkowski RP, Binder LI (1995) Presence of tau in isolated nuclei
from human brain. Neurobiol Aging 16:479–486

6. Bukar Maina M, Al-Hilaly Y, Serpell L (2016) Nuclear tau and its potential role
in Alzheimer’s disease. Biomolecules 6:9

7. Cohen AA, Geva-Zatorsky N, Eden E, Frenkel-Morgenstern M, Issaeva I, Sigal
A, Milo R, Cohen-Saidon C, Liron Y, Kam Z, Cohen L, Danon T, Perzov N,
Alon U (2008) Dynamic proteomics of individual Cancer cells in response to
a drug. Science 322:1511

8. Erickson JD, Bazan NG (2013) The nucleolus fine-tunes the orchestration of
an early neuroprotection response in neurodegeneration. Cell Death Differ
20:1435–1437. https://doi.org/10.1038/cdd.2013.107

9. Facility LMC How to count nuclear foci in FIJI ImageJ. Online protocol edn,
http://microscopy.duke.edu/HOWTO/countfoci.html

10. Federico C, Gil L, Bruno F, D'Amico AG, D'Agata V, Saccone S (2018)
Phosphorylated nucleolar tau protein is related to the neuronal in vitro
differentiation. Gene 664:1–11. https://doi.org/10.1016/j.gene.2018.04.051

11. Frost B, Hemberg M, Lewis J, Feany MB (2014) Tau promotes
neurodegeneration through global chromatin relaxation. Nat Neurosci 17:
357–366. https://doi.org/10.1038/nn.3639

12. Gómez de Barreda E, Dawson HN, Vitek MP, Avila J (2010) Tau deficiency
leads to the upregulation of BAF-57, a protein involved in neuron-specific
gene repression. FEBS Lett 584:2265–2270. https://doi.org/10.1016/j.febslet.
2010.03.032

13. Guetg C, Lienemann P, Sirri V, Grummt I, Hernandez-Verdun D, Hottiger MO,
Fussenegger M, Santoro R (2010) The NoRC complex mediates the

Maina et al. Acta Neuropathologica Communications  (2018) 6:70 Page 12 of 13

https://doi.org/10.1186/s40478-018-0565-6
https://doi.org/10.1186/2051-5960-1-83
https://doi.org/10.1186/2051-5960-1-83
https://doi.org/10.1073/pnas.1017935108
https://doi.org/10.1038/nrm2184
https://doi.org/10.1038/nrm2184
https://doi.org/10.1038/s41467-017-00633-1
https://doi.org/10.1038/s41467-017-00633-1
https://doi.org/10.1038/cdd.2013.107
http://microscopy.duke.edu/HOWTO/countfoci.html
https://doi.org/10.1016/j.gene.2018.04.051
https://doi.org/10.1038/nn.3639
https://doi.org/10.1016/j.febslet.2010.03.032
https://doi.org/10.1016/j.febslet.2010.03.032


heterochromatin formation and stability of silent rRNA genes and
centromeric repeats. EMBO J 29(13):2135–2146

14. Guo C, Jeong H-H, Hsieh Y-C, Klein H-U, Bennett DA, De Jager PL, Liu Z,
Shulman JM (2018) Tau Activates Transposable Elements in
Alzheimer&#x2019;s Disease. Cell Rep 23:2874–2880. https://doi.org/10.1016/
j.celrep.2018.05.004

15. Ha JS, Lim HM, Park SS (2010) Extracellular hydrogen peroxide contributes
to oxidative glutamate toxicity. Brain Res 1359:291–297. https://doi.org/10.
1016/j.brainres.2010.08.086

16. Hernandez-Ortega K, Garcia-Esparcia P, Gil L, Lucas JJ, Ferrer I (2015) Altered
machinery of protein synthesis in Alzheimer's: from the nucleolus to the
ribosome. Brain pathology (Zurich, Switzerland). doi:https://doi.org/10.1111/
bpa.12335

17. Holmberg Olausson K, Nistér M, Lindström MS (2014) Loss of nucleolar
histone chaperone NPM1 triggers rearrangement of heterochromatin and
synergizes with a deficiency in DNA methyltransferase DNMT3A to drive
ribosomal DNA transcription. J Biol Chem 289:34601–34619. https://doi.org/
10.1074/jbc.M114.569244

18. Jamsa A, Hasslund K, Cowburn RF, Backstrom A, Vasange M (2004) The
retinoic acid and brain-derived neurotrophic factor differentiated SH-SY5Y
cell line as a model for Alzheimer's disease-like tau phosphorylation.
Biochem Biophys Res Commun 319:993–1000. https://doi.org/10.1016/j.bbrc.
2004.05.075

19. Kodiha M, Bański P, Stochaj U (2011) Computer-based fluorescence
quantification: a novel approach to study nucleolar biology. BMC Cell Biol
12:25. https://doi.org/10.1186/1471-2121-12-25

20. Kodiha M, Bański P, Stochaj U (2011) Computer-based fluorescence
quantification: a novel approach to study nucleolar biology. BMC Cell Biol
12:25–25. https://doi.org/10.1186/1471-2121-12-25

21. Larson K, Yan SJ, Tsurumi A, Liu J, Zhou J, Gaur K, Guo D, Eickbush TH, Li
WX, (2012) Heterochromatin formation promotes longevity and represses
ribosomal RNA synthesis. PLoS Genet 8(1):e1002473

22. Loomis PA, Howard TH, Castleberry RP, Binder LI (1990) Identification of
nuclear tau isoforms in human neuroblastoma cells. Proc Natl Acad Sci U S
A 87:8422–8426

23. Lu J, Li T, He R, Bartlett PF, Gotz J (2014) Visualizing the microtubule-
associated protein tau in the nucleus. Sci China Life Sci 57:422–431. https://
doi.org/10.1007/s11427-014-4635-0

24. Lu J, Miao J, Su T, Liu Y, He R (2013) Formaldehyde induces
hyperphosphorylation and polymerization of tau protein both in vitro and
in vivo. Biochim Biophys Acta 1830:4102–4116. https://doi.org/10.1016/j.
bbagen.2013.04.028

25. Lu Y, He HJ, Zhou J, Miao JY, Lu J, He YG, Pan R, Wei Y, Liu Y, He RQ (2013)
Hyperphosphorylation results in tau dysfunction in DNA folding and
protection. J Alzheimer's Dis 37:551–563. https://doi.org/10.3233/jad-130602

26. Mansuroglu Z, Benhelli-Mokrani H, Marcato V, Sultan A, Violet M, Chauderlier
A, Delattre L, Loyens A, Talahari S, Bégard S, Nesslany F, Colin M, Souès S,
Lefebvre B, Buée L, Galas M-C, Bonnefoy E (2016) Loss of tau protein affects
the structure, transcription and repair of neuronal pericentromeric
heterochromatin. Sci Rep 6:33047. https://doi.org/10.1038/srep33047

27. Mayer C, Bierhoff H, Grummt I (2005) The nucleolus as a stress sensor: JNK2
inactivates the transcription factor TIF-IA and down-regulates rRNA
synthesis. Genes Dev 19:933–941. https://doi.org/10.1101/gad.333205

28. McStay B, Grummt I (2008) The epigenetics of rRNA genes: from molecular
to chromosome biology. Annu Rev Cell Dev Biol 24:131–157. https://doi.
org/10.1146/annurev.cellbio.24.110707.175259

29. Metz A, Soret J, Vourc’h C, Tazi J, Jolly C (2004) A key role for stress-induced
satellite III transcripts in the relocalization of splicing factors into nuclear
stress granules. J Cell Sci 117(19):4551–4558

30. Nampoothiri M, Reddy ND, John J, Kumar N, Kutty Nampurath G, Rao
Chamallamudi M (2014) Insulin blocks glutamate-induced neurotoxicity in
differentiated SH-SY5Y neuronal cells. Behav Neurol 2014:8. https://doi.org/
10.1155/2014/674164

31. Noel A, Barrier L, Ingrand S (2016) The Tyr216 phosphorylated form of
GSK3β contributes to tau phosphorylation at PHF-1 epitope in response to
Aβ in the nucleus of SH-SY5Y cells. Life Sci 158:14–21. https://doi.org/10.
1016/j.lfs.2016.06.020

32. Oyama F, Kotliarova S, Harada A, Ito M, Miyazaki H, Ueyama Y, Hirokawa N,
Nukina N, Ihara Y (2004) Gem GTPase and tau: MORPHOLOGICAL CHANGES
INDUCED BY GEM GTPase IN CHO CELLS ARE ANTAGONIZED BY TAU. J Biol
Chem 279:27272–27277. https://doi.org/10.1074/jbc.M401634200

33. Papasozomenos SC (1995) Nuclear tau immunoreactivity in presenile
dementia with motor neuron disease: a case report. Clin Neuropathol 14:
100–104

34. Postepska-Igielska A, Krunic D, Schmitt N, Greulich-Bode KM, Boukamp P,
Grummt I (2013) The chromatin remodelling complex NoRC safeguards
genome stability by heterochromatin formation at telomeres and
centromeres. EMBO Rep 14:704–710. https://doi.org/10.1038/embor.2013.87

35. Rossi G, Conconi D, Panzeri E, Redaelli S, Piccoli E, Paoletta L, Dalpra L,
Tagliavini F (2013) Mutations in MAPT gene cause chromosome instability
and introduce copy number variations widely in the genome. J Alzheimer's
Dis 33:969–982. https://doi.org/10.3233/jad-2012-121633

36. Santoro R, Li J, Grummt I (2002) The nucleolar remodeling complex NoRC
mediates heterochromatin formation and silencing of ribosomal gene
transcription. Nat Genet 32:393–396. https://doi.org/10.1038/ng1010

37. Sjoberg MK, Shestakova E, Mansuroglu Z, Maccioni RB, Bonnefoy E (2006)
Tau protein binds to pericentromeric DNA: a putative role for nuclear tau in
nucleolar organization. J Cell Sci 119:2025–2034. https://doi.org/10.1242/jcs.
02907

38. Soura V, Stewart-Parker M, Williams TL, Ratnayaka A, Atherton J, Gorringe K,
Tuffin J, Darwent E, Rambaran R, Klein W, Lacor P, Staras K, Thorpe J, Serpell
LC (2012) Visualization of co-localization in Abeta42-administered
neuroblastoma cells reveals lysosome damage and autophagosome
accumulation related to cell death. The Biochemical journal 441:579–590.
https://doi.org/10.1042/BJ20110749

39. Sultan A, Nesslany F, Violet M, Begard S, Loyens A, Talahari S, Mansuroglu Z,
Marzin D, Sergeant N, Humez S, Colin M, Bonnefoy E, Buee L, Galas MC
(2011) Nuclear tau, a key player in neuronal DNA protection. J Biol Chem
286:4566–4575. https://doi.org/10.1074/jbc.M110.199976

40. Tsoi H, Lau TC, Tsang SY, Lau KF, Chan HY (2012) CAG expansion induces
nucleolar stress in polyglutamine diseases. Proc Natl Acad Sci U S A 109:
13428–13433. https://doi.org/10.1073/pnas.1204089109

41. Vanderweyde T, Apicco DJ, Youmans-Kidder K, Ash PEA, Cook C, Lummertz
da Rocha E, Jansen-West K, Frame AA, Citro A, Leszyk JD, Ivanov P,
Abisambra JF, Steffen M, Li H, Petrucelli L, Wolozin B (2016) Interaction of
tau with the RNA-binding protein TIA1 regulates tau pathophysiology and
toxicity. Cell Rep 15:1455–1466. https://doi.org/10.1016/j.celrep.2016.04.045

42. Violet M, Delattre L, Tardivel M, Sultan A, Chauderlier A, Caillierez R, Talahari
S, Nesslany F, Lefebvre B, Bonnefoy E, Buee L, Galas MC (2014) A major role
for tau in neuronal DNA and RNA protection in vivo under physiological
and hyperthermic conditions. Front Cell Neurosci 8:84. https://doi.org/10.
3389/fncel.2014.00084

43. Weingarten MD, Lockwood AH, Hwo SY, Kirschner MW (1975) A protein
factor essential for microtubule assembly. Proc Natl Acad Sci 72:1858–1862

44. Yang K, Wang M, Zhao Y, Sun X, Yang Y, Li X, Zhou A, Chu H, Zhou H, Xu J,
Wu M, Yang J, Yi J (2016) A redox mechanism underlying nucleolar stress
sensing by nucleophosmin. Nat Commun 7:13599. https://doi.org/10.1038/
ncomms13599

Maina et al. Acta Neuropathologica Communications  (2018) 6:70 Page 13 of 13

https://doi.org/10.1016/j.celrep.2018.05.004
https://doi.org/10.1016/j.celrep.2018.05.004
https://doi.org/10.1016/j.brainres.2010.08.086
https://doi.org/10.1016/j.brainres.2010.08.086
https://doi.org/10.1111/bpa.12335
https://doi.org/10.1111/bpa.12335
https://doi.org/10.1074/jbc.M114.569244
https://doi.org/10.1074/jbc.M114.569244
https://doi.org/10.1016/j.bbrc.2004.05.075
https://doi.org/10.1016/j.bbrc.2004.05.075
https://doi.org/10.1186/1471-2121-12-25
https://doi.org/10.1186/1471-2121-12-25
https://doi.org/10.1007/s11427-014-4635-0
https://doi.org/10.1007/s11427-014-4635-0
https://doi.org/10.1016/j.bbagen.2013.04.028
https://doi.org/10.1016/j.bbagen.2013.04.028
https://doi.org/10.3233/jad-130602
https://doi.org/10.1038/srep33047
https://doi.org/10.1101/gad.333205
https://doi.org/10.1146/annurev.cellbio.24.110707.175259
https://doi.org/10.1146/annurev.cellbio.24.110707.175259
https://doi.org/10.1155/2014/674164
https://doi.org/10.1155/2014/674164
https://doi.org/10.1016/j.lfs.2016.06.020
https://doi.org/10.1016/j.lfs.2016.06.020
https://doi.org/10.1074/jbc.M401634200
https://doi.org/10.1038/embor.2013.87
https://doi.org/10.3233/jad-2012-121633
https://doi.org/10.1038/ng1010
https://doi.org/10.1242/jcs.02907
https://doi.org/10.1242/jcs.02907
https://doi.org/10.1042/BJ20110749
https://doi.org/10.1074/jbc.M110.199976
https://doi.org/10.1073/pnas.1204089109
https://doi.org/10.1016/j.celrep.2016.04.045
https://doi.org/10.3389/fncel.2014.00084
https://doi.org/10.3389/fncel.2014.00084
https://doi.org/10.1038/ncomms13599
https://doi.org/10.1038/ncomms13599

	Abstract
	Background
	Methods
	Cell culture
	siRNA transfection
	Western blotting
	Immunoprecipitation
	Immunofluorescence labeling
	Confocal microscopy imaging and analysis
	Immunogold labelling transmission Electron microscopy (TEM)
	TEM imaging and analysis
	CellROX green assay
	Nascent RNA and protein synthesis
	RNA Extraction and Complementary DNA (cDNA) synthesis
	Restriction digest for DNA methylation assays
	Quantitative polymerase chain reaction (qPCR)
	Statistical analysis

	Results
	Tau localises to the nucleolus in undifferentiated and differentiated neuroblastoma (SHSY5Y) cells
	Tau knockdown increases rDNA transcription
	Tau knockdown impacts on the integrity of the heterochromatin
	Nucleolar stress co-occurs with the redistribution of nucleolar nP-tau
	Cellular stress induces the accumulation of phosphorylated tau in the nucleus
	Nuclear tau in the human brain

	Discussion
	Conclusions
	Additional file
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

