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ABSTRACT

Tau is a multifunctional protein, originally identified as a cytoplasmic protein associated with
microtubules. It is codified by the MAPT gene, and the alternative splicing, in the neuronal cells,
results in six different isoforms. Tau was subsequently observed in the cell nucleus, where its function
is not yet clearly understood. Here, we studied the MAPT gene and the cellular localization of the AT8
and Tau-1 epitopes of Tau protein, in the SK-N-BE cell line, which differentiates in neuronal-like cells
after retinoic acid treatment. These epitopes correspond to the phosphorylated Ser202/Thr205 and
unphosphorylated Pro189/Gly207 amino acid residues, respectively, possibly involved in
conformational changes of the protein. Our results demonstrated the presence of the smaller Tau
isoform (352 amino acids), whose amount increases in differentiated SK-N-BE cells, with Tau-1/AT8
nuclear distribution related to the differentiation process. Tau-1 showed a spot-like nucleolar
localization, in both replicative and differentiated cells, while AT8 was only detected in the
differentiated cells, diffusely occupying the entire nucleolar region. Moreover, in the replicative cells
exposed to actinomycin-D, AT8 and Tau-1 move to the nucleolar periphery and colocalize, in few
spots, with the upstream binding transcription factor (UBTF). Our results, also obtained with
lymphocytes exposed to the mitogenic compound phytohaemagglutinin, indicate the AT8 epitope of
Tau as a marker of neuronal cell differentiation, whose presence in the nucleolus appears to be related

to rDNA transcriptional inactivation.
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1. Introduction

Tau is a native unfolded protein with a flexible structure, discovered forty years ago as a protein
associated with microtubules (Weingarten et al., 1975). It plays an important role not only in the
cytoplasm, stabilizing microtubules and participating in axonal metabolism (Goode et al., 1997; Dixit
et al., 2008), but also in the cell nucleus (Loomis et al, 1990), where interaction with chromatin has
been shown (Sjoberg et al., 2006; Sultan et al., 2011; Hernandez-Ortega et al., 2015; Mansuroglu
et al., 2016). It is encoded by the microtubule-associated protein Tau (MAPT) gene, which yields three
transcripts of 2, 6 and 9 kb, with the 2 kb transcript observed in the cell nucleus (Bukar Maina et al.,
2016).

In the central nervous system (CNS), Tau protein is largely present in six different isoforms, due to
alternative splicing of exon 2 (E2), exon 3 (E3), and exon 10 (E10), with the largest composed of 441
amino acids. It is structurally subdivided into four parts: the N-terminal acidic region, the proline-rich
domain (PRD), the microtubule binding domain (MBD) and the C-terminal region. The different uses
of E2 and E3 determine the formation of a protein with 0, 1 or 2 repeats (called ON, 1N and 2N) in the
amino-terminal acidic region and the use of E10 determines the presence of three or four repeats
(called 3R and 4R) in the MBD. The different combination of E2, E3, and E10 defines six Tau
isoforms called ON3R, 1N3R, 2N3R, ON4R, 1N4R, and 2N4R (Buée et al., 2000; Andreadis, 2005;
Wang and Mandelkow, 2016; Bukar Maina et al., 2016). The alternative splicing of the MAPT
gene, in human brain and neuroblastoma cells (Goedert et al., 1989; Loomis et al., 1990), results in
protein isoforms visible in a western blot as a series of closely spaced bands, with a size greater than
about 50 kDa.

Conformational changes of Tau protein are determined by site-specific phosphorylations (Avila,
2009), allowing the acquisition of transitory structures (Von Bergen et al., 2005; Jeganathan et al.,
2008) able to interact with multiple different proteins as well as with DNA and RNA (Qi et al., 2015;
Wang et al., 2006). Tau protein is phosphorylated by several serine/threonine kinase proteins, some of
them related to abnormal Tau hyperphosphorylation, such as PKA, CaMKIIl, GSK-3f and cdk5. In
particular among these proteins, GSK-33 plays an important role in both physiological and
pathological phosphorylation (Wang et al., 2007; Hanger and Noble, 2011). In addition,
deregulation of protein phosphatases, such as PP2A, is of extreme importance because their activity is
often regulated by kinase-dependent phosphorylation (Wang et al., 2007).

Phosphorylations are involved in the formation of neurofibrillary tangles (NFT) that clinically define
Alzheimer's disease (AD) and its various stages (Braak and Braak, 1991). However, only a few
epitopes of Tau have been described in the nucleus, such as the phosphorylated ATS
(pSer202/Thr205) and AT100 (pThr212/Ser214) (Rossi et al., 2008; Hernandez-Ortega et al., 2015;
Gil et al., 2017), and the non-phosphorylated Tau-1 (Prol89/Gly207 residues), with the latter
specifically immunolocalized in the nucleolus of neuronal and non-neuronal cells (Loomis et al.,
1990; Thurston et al., 1996; 1997; Sjoberg et al., 2006; Rossi et al., 2008). Indeed, the non-
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phosphorylated epitope Pro189/Gly207 of Tau was localized in the nucleolus of human fibroblast and
HeLa cells, where it partially colocalized with alpha satellite DNA from pericentromeric chromatin,
suggesting a role in the organization of the nucleolar heterochromatin (Sjoberg et al., 2006).

The nucleolus is the sub-nuclear region where rRNA synthesis and ribosomal assembly takes place. It
is composed of three different regions, namely the fibrillar centre (FC) surrounded by the dense
fibrillar component (DFC), and the granular component (GC) that, in turn, surrounds the FC/DFC
region (Boisvert et al., 2007; Bartova et al., 2010; Denissov et al., 2011; Smirnov et al., 2016). The
FC corresponds to the Nucleolar Organizing Regions (NORs), also detectable in the mitotic
chromosomes and defining the chromatin with transcriptionally-active rDNA repeats (McStay, 2016),
endowed with a non-nucleosomal euchromatic state in the interior of the nucleolus, as demonstrated
by psoralen photocrosslinking (Conconi et al., 1989). In addition to these three functional subregions,
the nucleolus is characterized by the presence of large heterochromatic blocks, generally located at the
periphery of the GC, composed by the centromeric regions of the chromosomes involved in nucleolus
formation, and by the heterochromatic stably silenced rRNA genes (Lucchini and Sogo, 1992; Thiry
and Lafontaine, 2005; Grummt, 2007; Sanij and Hannan, 2009; Mangan et al., 2017). Indeed, the
nucleolus contains rRNA genes, but a number of these genes are constitutively unexpressed, being
silenced by epigenetic modifications involving methylation of the cytosine in the rDNA repeats
(Akhmanova et al., 2000; Sanij and Hannan, 2009; Parlato and Kreiner, 2013; D'Aquila et al.,
2017). Replicative cells are endowed by a high -number of rRNA genes (about 50%) transcribed by
RNA polymerase |, contrary to the differentiated cells, endowed by a low number (about 10%) of
active rRNA genes (Sanij and Hannan, 2009; Takada and Kurisaki, 2015). Indeed, it was recently
demonstrated that a downregulation of rDNA transcription is one of the mechanisms strictly related to
the cell differentiation program (Hayashi et al., 2014).

In the present work, we studied nuclear Tau in the human neuroblastoma cell line SK-N-BE, which is
able to differentiate in neuronal-like cells when induced by retinoic acid (Leotta et al., 2014). We
analyzed the non-phosphorylated Pro189/Gly207 and the phosphorylated pSer202/Thr205 epitopes,
detected with the antibodies Tau-1 and AT8, respectively. Moreover, we identified and quantified the
Tau isoforms expressed in the replicative and differentiated SK-N-BE cells. The relevance of the

obtained results, with respect to the nucleolar activity and cell differentiation, is discussed.



2. Materials and methods

2.1. Cell cultures

The human neuroblastoma cell line SK-N-BE (Biedler et al., 1978) and human peripheral blood
lymphocytes were cultured in RPMI 1640 medium, supplemented with 10% fetal bovine serum (FBS)
(20% for lymphocytes), 1% antibiotic Penicillin/Streptomycin (100 U/ml; 100 [g/ml) and 1% L-
Glutamine, at 37°C, with 5% CO,. To obtain replicative lymphocytes, the culture was performed with
medium containing 3% phytohaemagglutinin (PHA) (GIBCO cat. n. 10576-015) for 72 hours. Human
lymphocytes were obtained, from healthy volunteers, by venous blood sampling and then put into
heparinised tubes. All procedures performed in the present study involving human participants were in
accordance with the ethical standards of the institutional and/or national research committee and with
the 1964 Helsinki declaration and its later amendments or comparable ethical standards. Signed
informed consent forms were obtained from all the volunteer subjects.

SK-N-BE cells were differentiated in neuronal-like cells with a treatment of 10 uM retinoic acid (RA)
(Sigma—Aldrich Cat. n. R2625) added to the culture medium- every 72 hours (day 0, 3, 6, 9) to obtain
differentiated cells on the 12" day of treatment (D’ Alessio et al., 1995; Andres et al., 2013; Leotta et
al., 2014). Replicative SK-N-BE cells were incubated for 1 hour with 0.05 pg/ml of actinomycin-D
(Act-D), before harvesting, to obtain the block of transcription (Perry and Kelley, 1970; Bensaude,
2011).

2.2. Cell preparation and immunofluorescence analysis

Immunofluorescence (IF) experiments were performed as previously described (Maugeri et al.,
2016). Briefly, SK-N-BE cells were cultured on glass chamber-slides and fixed with 4%
paraformaldehyde for 20 min at room temperature. Human lymphocytes were cytocentrifuged on glass
slides and then fixed as above.

Cells were washed with phosphate buffered saline (PBS) and incubated for 15 min in PBS containing
0.5% Triton X-100. Immunodetections were performed by incubation with the specific antibody at the
dilution suggested by the manufacturers. Before the incubation with primary antibody, a preincubation
step of 1 hour at 37°C with blocking solution (non-fat dry milk or bovine serum albumin 1%) was
carried out. The antibodies used were Tau-1 (Millipore Cat. MAB3420), to detect Pro189/Gly207
residues, and AT8 (Thermo Scientific Cat. MN1020) to detect pSer202/Thr205. Moreover, antibodies
against UBTF (NBP1-82545), GAP-43 (Millipore Cat. AB5312) and fibrillarin LS-C204517 (Clone
38F3) were used to evaluate the different status of the SK-N-BE cells. Dual colour IF was also
performed by using mouse anti-Tau-1 or AT8 antibodies together with the rabbit anti-UBTF antibody.
After overnight incubation and additional PBS washes, cells were incubated at 37°C for 1 hour with
FITC-conjugated sheep anti-mouse secondary antibody (Sigma-Aldrich, 1:100 dilution in blocking
solution) together, in the case of the dual colour IF, with the TRITC-conjugated goat anti-rabbit
(Sigma-Aldrich, 1:400 dilution in blocking solution).



Experiments were repeated at least three times. The results were analysed with confocal laser scanning
microscopy (CLSM) (Zeiss LSM700) and images were captured at 400x and 630x magnification, and
ZEN-2010 software was used for image acquisition and analysis.

2.3. Reverse Transcription PCR

To identify the different isoforms of MAPT gene present in the SK-N-BE cells, RNA was extracted
using TRI Reagent (Sigma-Aldrich, St. Louis, USA). cDNAs, obtained by retrotranscription
(SuperScript 111 First-Strand Synthesis SuperMix, Invitrogen), were amplified by PCR (Taqg DNA
Polymerase, recombinant, Invitrogen) with the following conditions: 94 °C for 5 min, followed by 35
cycles at 95 °C for 30 sec, 60 °C for 30 sec, and 72 °C for 40 sec. In the case of longer expected
amplified segments, the elongation step was increased (72 °C for 2 min 30 sec). The primers used to
identify the exons are shown in Table 1.

The amplified DNA segments were electrophoresed on agarose gel (from 0.8 to 2%, depending on the
expected fragment sizes) with SYBR Safe DNA Gel Stain, and visualized with a Safe imager blue-

light transilluminator (Thermo Fisher Scientific, USA).

2.4. Quantitative RT-PCR

RNAs and cDNA were obtained, as described above, from replicative and differentiated cells.
Detection and quantification of MAPT transcripts were carried out by gPCR (with the StepOne
instrument from Applied Biosystems, USA) using specific primers (Table 1). Experiments were
performed with Power SYBR Green PCR Master Mix (Applied Biosystems, Life Technologies, UK)
according to the manufacturer’s instructions, with the specific annealing temperature. Experiments
were repeated at least three times.

To assess the different levels of MAPT transcripts, we employed the relative quantification method
with actin-b (ACTB, from Sigma-Aldrich) as an endogenous control, and replicative SK-N-BE cells as
a calibrator reference. Data were analysed using the Ct value obtained for each sample. This was
normalized with the Ct value of the endogenous control (ACTB) obtaining the ACt. Normalizing the
ACt of the sample of interest with that of the calibrator, we obtained the AACt. Finally, to determine
the relative quantification (RQ) of each sample, we used the 2" formula.

Expression levels of rRNA genes in differentiated vs replicative SK-N-BE cells, and fibrillarin gene in
PHA induced/not induced lymphocytes were obtained by qRT-PCR using the "SuperScript Il
Platinum Sybr green One-step qRT-PCR" kit (Invitrogen) and the StepOne instrument (Applied
Biosystems, USA). To evaluate the rRNA transcriptional level we used primers (Table 1) to amplify a
segment from the external transcribed spacer (ETS) of the rRNA gene cluster. Moreover, we used
other primers (see Table 1) to amplify segments from the non-transcribed promoter region (negative
control), and from the 18S rRNA, also present in the mature ribosomes (positive control). To quantify

fibrillarin transcript we used primers (Table 1) previously described (Koh et al., 2011). ACTB
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(Sigma-Aldrich) was used as an endogenous control and replicative SK-N-BE cells, and not induced
lymphocytes as a reference samples. Then, the RQ ratio was used to compare obtained data in the
different cell treatments (Federico et al., 2017a).

2.5. Western Blot Analysis

Western blot analysis was performed according to the procedures previously described (Maugeri et
al., 2015). Briefly, proteins were extracted with buffer containing 20 mM Tris (pH 7.4), 2 mM EDTA,
0.5 mM EGTA; 50 mM mercaptoethanol, 0.32 mM sucrose and a protease inhibitor cocktail (Roche
Diagnostics) and phosphatase inhibitor cocktail (PhosSTOP Phosphatase Inhibitor, Roche) using a
Teflon-glass homogenizer. The samples were then sonicated twice for 20 sec using an ultrasonic
probe, followed by centrifugation at 10,000 g for 10 min at 4 °C. Protein concentrations were
determined by the Quant-iT Protein Assay Kit (Invitrogen). Sample proteins (30 pg) were diluted in
2X Laemmli buffer (Invitrogen, Carlsbad, CA, USA), heated at 70°C for 10 min and then separated on
a Biorad Criterion XT 4-15% Bis-tris gel (BIO-RAD) by electrophoresis and transferred to a
nitrocellulose membrane (BIO-RAD). Blots were blocked using the Odyssey Blocking Buffer (LI-
COR Biosciences) and probed with appropriate antibodies: mouse anti-AT8 (MN1020; 30 pg/ml),
mouse anti-Tau-1 (MAB3420; 1:200), mouse anti-Tau-5 (sc-58860, Santa Cruz Biotechnology; 1:200)
to detect total Tau (Ittner et al., 2009), and rabbit anti-B-tubulin (sc-9104, Santa Cruz Biotechnology;
1:500).

The secondary antibody goat anti-rabbit IRDye 800CW (#926-32211; LI-COR Biosciences) and goat
anti-mouse IRDye 680CW, (#926-68020D; LI-COR Biosciences) were used at 1:20000. Blots were
scanned with an Odyssey Infrared Imaging System (Odyssey). Densitometric analyses of blots were
performed at non-saturating exposures and analysed using the ImageJ software (NIH, Bethesda, MD;
available at http://rsb.info.nih.gov/ij/index.html). Values were normalized to B-tubulin, which was
used as a loading control. No signal was detected when the primary antibody was omitted (data not
shown).

For statistical analysis, data are represented as mean * standard error (S.E.M). One-way analysis of
variance (ANOVA) was used to compare differences among groups, and statistical significance was

assessed by the Tukey—Kramer post hoc test.



3. RESULTS

To study the nuclear Tau in neuronal cell differentiation, we used the neuroblastoma SK-N-BE cell
line, which differentiates in neuronal-like cells after retinoic acid treatment. We assessed cell
differentiation with several methods, namely by visualization of very long cell protrusions resembling
neuritic/dendritic extensions, variation in the morphology of NORs, and the presence/absence of
specific proteins such as GAP-43 (located in the axonal extensions of the differentiated cells) and
fibrillarin (located in the nucleolus of the replicative cells) (Fig. 1). We also verified the reduced level
of rDNA expression in the differentiated SK-N-BE cells, analysing the RNA level of the external
transcribed spacer (ETS) by means of gRT-PCR (Fig. 2). Our results showed in the differentiated cells
a level of rDNA transcription of about 30% with respect to the replicative cells, confirming previous
findings on a reduced rate of transcriptional activity during cell differentiation (Sanij and Hannan,
2009; Takada and Kurisaki, 2015).

3.1. Tau protein in the nucleolus of the SK-N-BE cells

Antibodies Tau-1 and AT8, detecting the same region of Tau protein without or with phosphorylation
in the Pro189/Gly207 and the Ser202/Thr205 residues, respectively, were used to localize, by means
of IF, these epitopes in the replicative and differentiated SK-N-BE cells. In the replicative cells, Tau-1
showed a number of small spots located in the nucleolar space, away from the nucleolar peripheral
heterochromatin (Fig. 3A). More precisely, the large number (about 90%) of analysed nuclei showed
from 8 to 12 fluorescent signals (8%, 24%, 39%, 15% and 4% of nuclei with 8, 9, 10, 11 or 12 signals,
respectively), and the remaining (about 10%) less than 8 IF signals. In contrast, AT8 epitope was not
detected in the nuclear or nucleolar region (Fig. 3B). In the differentiated cells, Tau-1 showed specific
signals in the nucleolus but, in contrast to the pattern observed in the replicative cells, we detected few
large spots in the inner part of the nucleolar space, away from the nucleolar periphery (Fig. 3C). The
large number (about 95%) of analysed nuclei showed from 2 to 6 fluorescent signals (6%, 14%, 30%,
36% and 9% of nuclei with 2, 3, 4, 5 or 6 signals, respectively). The remaining nuclei (about 5%)
showed only one or no IF signals. In the case of ATS, in all the differentiated cells, we observed
specific signals, uniformly present throughout the nucleolar region (Fig. 3D). The nucleolar location
of Tau-1 and AT8 was confirmed by dual-colour IF with UBTF (Fig. 4a,e and 4f respectively).

Thus, Tau protein is present in the nucleolus of replicative and differentiated SK-N-BE cells, but with
a different pattern depending on the phosphorylation status of the Ser202/Thr205 residues. Indeed, a
dramatic change in the signal distribution during differentiation was detected, with AT8 only

appearing in the differentiated neuronal-like cells.

3.2. Tau protein in the transcriptionally inhibited cells
Tau-1 and AT8 were analysed in the replicative SK-N-BE cells treated with actinomycin-D (Act-D),

which determines, under the conditions used, the transcriptional inhibition of the RNApol-I (Perry
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and Kelley, 1970; Bensaude, 2011). Tau-1 showed few spots at the nucleolar periphery indicating
that Act-D determines the collecting and relocalization of the Tau protein containing the
unphosphorylated Pro189/Gly207 residues (Fig. 4C,c,c’). The large number (about 88%) of the
analysed nuclei showed from 4 to 6 fluorescent signals (27%, 46% and 15% of nuclei with 4, 5 and 6
spot signals, respectively). The remaining nuclei showed less than 4 (9%) or more than 6 (3%) IF
signals. This protein distribution is similar but not identical to that observed in the differentiated cells;
indeed, in this latter case signals are inside the nucleolus, while after Act-D exposure the signals are at
the nucleolar periphery (compare Fig. 4c' vs 4e'). The same type of relocalization was observed for
UBTF, and dual-colour IF demonstrated colocalization of Tau-1 and UBTF at the nucleolar periphery
following Act-D exposure of the SK-N-BE (Fig. 4c¢).

ATS8, in the Act-D exposed cells, similarly to Tau-1, was detected as large spots at the nucleolar
periphery, largely colocalizing with UBTF (Fig. 4d). The large number (about 85%) of analysed
nuclei showed from 3 to 5 fluorescent signals (12%, 31% and 42% of the nuclei with 3, 4 or 5 signals,
respectively). The remaining nuclei showed less than 3 (9%) or more than 5 (6%) IF signals. In
addition a diffuse signal occupying part of the nucleolar region around the large spots was observed
(Fig. 4D,d,d"). Thus, the nucleolar distribution of ATS, in the Act-D exposed cells, is very different
with respect to the absence of signals of the replicative cells as well as with respect to the diffuse
signal observed in the differentiated cells.

3.3. Tau protein in the mitotic cells

Tau-1 was observed in the metaphase chromosomes in replicative (Fig. 4G) and Act-D exposed cells
(Fig. 4K), colocalizing with UBTF (Fig. 4P). During the anaphase, signals were also present in the
two separated chromosomal groups (Fig. 41). A large amount of AT8 was detected in the replicative
cells, around the metaphasic and anaphasic chromosomes (Fig. 4J), with a signal distribution
occupying the entire cell. In this latter case, no colocalization with UBTF was observed (Fig. 4T). It
should be stressed that at the end of mitosis, AT8 completely disappeared from the cell, with its
absence being evident in the interphase nuclei (Fig. 4H,J). Instead, the Act-D exposure of the
replicative cells led to a large decrease in the AT8 epitope around the mitotic chromosomes, with only

a very faint signal visible, and a concomitant increased level in the nucleolus (Fig. 4L).

3.4. Tau protein in human lymphocytes

Tau-1 and AT8 antibodies were used to detect Tau protein in human lymphocytes before (non-
dividing cells, with very low transcriptional activity) and after (dividing cells with high transcriptional
activity) PHA treatment. The transcriptional feature was assessed by the absence/presence of
fibrillarin in the non-induced or PHA-induced lymphocytes, respectively (Fig. 5C,F), and by the
transcriptional level of the fibrillarin gene (Fig. 5G). According to previous data (Torelli et al., 1968;

Dauphinais, 1981), rDNA genes showed an increased transcriptional level in PHA-induced respect to
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the non-induced lymphocytes (data not shown). Thus, we can compare our data with
replicative/differentiated SK-N-BE cells with respect to PHA-induced/non-induced lymphocytes,
taking into consideration the transcriptional activity and the cell cycle progression.

In the lymphocytes without PHA stimulation, Tau-1 signal was detected in a single large spot in
correspondence to the small nucleolus present in these cells (Fig. 5A). A similar result was also
observed with AT8, even if in this case few signals were also detected in the cytoplasm (Fig. 5B). In
the PHA-induced lymphocytes, Tau-1 antibody detected a number of spots inside the nucleolus, which
in these cells is very large (Fig. 5D) and transcriptionally active (Fig. 5F,G). The large humber (about
95%) of analysed nuclei showed from 7 to 14 fluorescent signals (12%, 30%, 26% and 12% of the
nuclei with 9, 10, 11 or 12 signals, respectively), and the remaining (about 5%) less than 7 IF signals.
In the case of ATS, signals completely disappeared from the nucleolus, with only few signals present
in the cytoplasm (not detected in all the cells, but only in about 20% of them) (Fig. 5E). Localization
of tau protein (Tau-1, and AT8) in the nucleolus was confirmed by IF co-localization with UBTF (Fig.
5).

3.5. Identification of Tau isoforms in the SK-N-BE cells

To identify the isoforms of Tau present in the SK-N-BE cells, we performed RT-PCR with a humber
of different pairs of primers (Table 1) to define the exons retained in the mRNA of the MAPT gene
(Fig. 6A).

The pairs of primers F1-R4 and F2-R4 were used to define the presence/absence of exons 2 and 3
(Fig. 6A), highlighting the N-terminal repeats of Tau protein called ON, 1N and 2N (see Introduction).
The size of the amplified segments indicated that the ON repeat (DNA segment of 196 bp with F1-R4
primers) is largely present and that the 2N is not detectable (DNA segments of 370 bp and 202 bp with
F1-R4 and F2-R4 primers, respectively, not present). In the case of the 1N repeat, the corresponding
amplified DNA segment is only faintly visible (283 bp and 115 bp band size obtained with the primers
F1-R4 and F2-R4, respectively) (Fig. 6B). These data were also confirmed by the quantitative RT-
PCR (see below). Data obtained with the pairs of primers F4-R5, F4-R7 and F4-R9 showed that exon
4A and exon 6, as expected, are not present in the mRNA, even if a very faint DNA band is visible
with the primers F4-R7 at a size (402 bp) compatible to the presence of exon 6 in the amplified
segment (Fig. 6B). The primers F9/10-R12 (specific for exon 10 retention in the mRNA) and F9/11-
R13 (specific for exon 10 exclusion in the mRNA) demonstrated that exon 10 is present or absent in
the mRNA, thus highlighting the presence of at least two different isoforms of Tau containing the 3R
or 4R repeats in the MBD region.

Results obtained with the pairs of primers F1-R11 and F1-R13 showed the presence of two bands,
with a size corresponding to the mMRNA coding for the isoforms with the smaller size (Fig. 6C). The
MRNAs coding for the larger isoforms 2N3R, 1N4R and 2N4R are not present in the SK-N-BE cells,
as demonstrated by the absence of the amplified segments larger than 850 bp and 1200 bp with
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primers F1-R11 and F1-R13, respectively (Fig. 6C). Thus, the visible bands, also considering the
quantitative RT-PCR results (see below), correspond to the ON3R (689 bp or 1063 bp obtained with
F1-R11 or F1-R13 primers, respectively) and to ON4R (782 bp or 1156 bp obtained with F1-R11 or
F1-R13 primers, respectively) isoforms. The presence of the 1N3R isoform (with an expected size
very close to that of the ON4R isoform) could be excluded given the data from gRT-PCR (see below).

In summary, our data highlight the presence of two smaller-sized Tau proteins endowed with the
absence of the repeats at the N-terminal end, and with 3 or 4 repeats in the MBD region,
corresponding to the ON3R and ON4R isoforms of Tau. Moreover, data obtained in replicative and
differentiated SK-N-BE cells demonstrate the presence of the same isoforms in both types of cells. In
the case of exon 6, faintly visible in some amplifications, we can assume the presence in these cells of

a small amount of truncated forms of Tau, described in the literature, but again not very well studied.

3.6. Quantitative expression of MAPT gene and Tau protein

The relative quantification of both mRNA and protein of Tau was performed in the replicative vs
differentiated SK-N-BE cells (Fig. 7 and Fig. 8). Quantitative RT-PCRs were performed using
primers specific for the exons corresponding to ON, 1N, 2N, 3R and 4R repeats (Table 1). The results
demonstrated the presence of the ON (Fig. 7A) and 3R (Fig. 7B) repeats at higher levels with respect
to the others. Moreover, in the differentiated cells, there was an increased level of ON3R mRNA of
about 10 times higher than that present in the replicative cells (Fig. 7C), as well as for the total Tau
protein, which increases about 8 times (Fig. 8A). The gRT-PCR demonstrated the absence or the very
low levels of exons corresponding to the 1N and 2N repeats.

Tau-1 and AT8 epitopes were detected by western blot with cell homogenates from replicative,
differentiated, and replicative after 1 hour of Act-D treatment SK-N-BE cells. Results demonstrated
the presence of Tau protein with a size corresponding to the smallest isoform ON3R (Fig. 8),
according to the above qRT-PCR data. AT8 epitope, in all cases, was detected in larger amounts with
respect to Tau-1, with AT8 being about 9 and 11 times higher than Tau-1 in the replicative and
differentiated cells, respectively. In the case of Act-D exposed cells, this difference was even higher,
with the amount of AT8 being about 25 times higher with respect to the Tau-1 (Fig. 8B,C).

In differentiated and Act-D induced cells, we detected an increasing level of Tau-1 and AT8 with
respect to the replicative cells. More specifically, the amounts of Tau-1 and AT8 increased 2 and 2.5
times, respectively, in differentiated with respect to replicative cells (Fig. 8B,C). In the Act-D induced
cells, with respect to the replicative ones, the increasing level of AT8 (about 3.5 times higher) was
statistically highly significant (Fig. 8C), while the increasing level of Tau-1 was statistically not
significant (Fig. 8B). It should be stressed that total Tau does not increase significantly after Act-D

treatment, in contrast to the increased amount observed in differentiated cells (Fig. 8A).

12



4. DISCUSSION

Since its discovery, Tau protein has been repeatedly detected in the nucleus of neuronal as well as
non-neuronal cells, even if its role in the nucleus is not yet well understood. Here, we showed the
presence in the nucleolus of the smaller isoform of Tau and its correlation, depending on the
phosphorylated status of the Ser202/Thr205 residues, with the in vitro neuronal-like differentiation of
the SK-N-BE cells, indicating a possible role in nucleolar organization and rDNA transcriptional

activity.

4.1. MAPT gene expression

We demonstrated that the largest amount of Tau in both replicative and differentiated SK-N-BE cells
is the isoform ON3R, with an increasing level in the differentiated cells. This isoform was also
previously shown in other neuroblastoma cell lines (SH-SY5Y and SK-N-SH) (Smith et al., 1995)
and is also known as the foetal Tau isoform, being the only one observed in the foetal brain (Buée et
al., 2000; Bukar Maina et al., 2016). The presence of the ON3R isoform in the replicative or
differentiated SK-N-BE cells could be explained considering that the features of these cells are similar
to that of the neuroblasts or of the early-differentiated neuronal cells present in the foetus. Thus, we
can assume that in the SK-N-BE differentiation the switch to the longer Tau isoforms does not occur,
possibly due to the limited vital time of these cells, and this differs from normal neuronal

differentiation, which is longer, as previously proposed (Smith et al., 1995).

4.2. Unphosphorylated Tau-1 epitope, nucleolus and rRNA genes

Cell differentiation is related to chromatin reorganization in the nucleus in a process that allows the
positioning of tissue-specific genes in the more appropriate nuclear compartment. It is well known that
the peripheral and the inner part of the nucleus are largely occupied by the transcriptionally inactive or
active genomic DNA, respectively (Saccone et al., 2002; Federico et al., 2008; 2017b; Bernardi,
2015), and the nucleolus seems to be involved in the nuclear chromatin organization (Carmo-Fonseca
et al., 2000). The nucleolus is a dynamic structure that undergoes significant changes in its
morphology depending on the cell cycle needs. In the replicative cells, the nucleolus shows a higher
transcriptional activity, with about 50% of rRNA genes actively transcribed, and appears as multiple
small nucleoli formed surrounding the active FC/DFC. These small nucleoli tend to fuse in only one
nucleolus in slowly proliferating or differentiated cells (Anastassova-Kristeva, 1977), with only a
small number of rRNA genes, about 10%, are expressed with a large number of these genes present in
a heterochromatic or methylated inactive form (Sanij and Hannan, 2009; Takada and Kurisaki,
2015). Along this line of evidence, Tau protein seems to play a role, possibly in the organization of the
rRNA genes.

Our results showed that, in replicative cells, nuclear Tau with unphosphorylated Pro189/Gly207

residues (Tau-1 epitope) is arranged in a number of spots in the inner part of the nucleolus. It is also
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present in the chromosomes at the metaphase and anaphase stage, largely colocalizing with the
upstream binding transcription factor (UBTF). This highlights a direct or indirect interaction of Tau-1
with rDNA during the entire cell cycle. This is further confirmed by the concerted Tau-1 and UBTF
reorganization in the nucleolus following Act-D exposure, as previously shown, in the case of UBTF,
in other cell types (Sobol et al., 2013; Mangan et al., 2017). In the differentiated cells, Tau-1 was
observed in a lesser number of dots, also in this case largely colocalizing with UBTF. Considering the
central role of UBTF in rDNA transcription (Qu et al., 2004), we can speculate that Tau-1 may be
involved in the organization and/or expression of the active rRNA genes.

Considering the positional correlation with NORs and UBTF and the previously reported properties of
Tau to bind DNA (Hua and He, 2003; Sjoberg et al., 2006; Wei et al., 2008; Violet et al., 2014;
Mansuroglu et al., 2016; Qi et al., 2015; Wang et al., 2006), we can hypothesize a role for Tau in
helping UBTF in the binding of rDNA. Nonetheless, further work will be necessary to better
understand the exact role of Tau-1 related to rRNA genes and the identification of the possible direct
interaction with UBTF and/or rDNA.

4.3. Phosphorylated AT8 epitope and rRNA inactivation

The ATS8 epitope (pSer202/Thr205 residues) is absent from the nucleolus of replicative cells, but is
largely present during mitosis, around the metaphase/anaphase chromosomes. AT8 appears in the
nucleolus when the transcriptional activity is blocked (Act-D exposed cells) or largely reduced
(differentiated cells), thus highlighting a possible correlation with rDNA silencing. This role has also
been confirmed by the colocalization of AT8 with UBTF (and indirectly with Tau-1) at the nucleolar
periphery in the Act-D exposed cells.

Considering that AT8 is located around the mitotic chromosomes (in the replicative cells) and in the
nucleolus of cells with low or no transcriptional activity (differentiated or Act-D induced cells), we
speculate that AT8 antibody, in the neuroblastoma cells, detects two different types of the smallest
Tau isoform ON3R, characterized by different phosphorylation patterns, with a phosphorylation in the
Ser202/Thr205 residues, and the others in different, undetected sites: one type is involved in the

mitosis and the other in-a process possibly related to the inactivation of the rRNA genes.

4.4. Tau-1 and AT8 in the nucleolus of lymphocytes

The nucleolar fusion occurring during cell differentiation requires the reorganization of most of the
human chromosomes carrying rDNA, and specifically of the heterochromatic sequences on their p-
arm, both proximal and distal to the rDNA. In differentiated cells, it has been suggested that the
rDNA-associated heterochromatin plays a role in the maintenance of nucleolar structure (Carmo-
Fonseca et al., 2000). Recently, a role for Tau in the structure and stability of the pericentromeric
heterochromatin has been suggested (Mansuroglu et al., 2016), and the present results with AT8

added further evidences to its role in the nucleolus.
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When lymphocytes are in a non-replicative state, they show a small nucleolus, low transcriptional
activity, and the presence of the Tau-1 and AT8 epitopes resembling the situation described in the
differentiated SK-N-BE cells. Moreover, after the cell cycle activation by PHA induction, and the
increase in transcriptional activity, the nucleolus increases in number and size, with Tau-1 evolving in
the same pattern of signals observed in the replicative SK-N-BE cells. The nucleolar AT8, as in the
case of the replicative SK-N-BE cells, disappears from PHA stimulated lymphocytes, possibly due to
the activation of a higher number of rRNA genes. Thus, lymphocytes and SK-N-BE cells endowed
with similar transcriptional activity (and rRNA gene expression) show the same pattern of Tau-1 and
AT8 localization, indicating a possible general role of Tau protein related to rRNA expression and

nucleolar activity and organization.

4.5. Conclusion

Tau protein, and more specifically the lowest isoform ON3R, seems to be involved, through its
Ser202/Thr205 residues, in rDNA regulation during cell differentiation. Tau protein may serve a dual
function in the nucleolus: one, highlighted by Tau-1 epitope always colocalized with UBTF, and
related to the transcription of rRNA genes (Loomis et al., 1990; Wang et al., 1993; Greenwood and
Johnson, 1995; Brady et al., 1995; Thurston et al., 1996), and the other, involving AT8, only
transiently colocalized with UBTF (when the transcription is downregulated or blocked by Act-D),
and possibly related to the protection (Sjoberg et al., 2006; Mansuroglu et al., 2016) and/or to the
organization of the inactive rRNA genes (Boisvert et al., 2007; Emmott and Hiscox, 2009).
Moreover, the Ser202/Thr205 residues, with their cell cycle dependent phosphorylation in replicative
cells, seems to be involved in mitotic progression. Thus, we identified three different types of Tau
detected by Tau-1 and AT8: one with the unphosphorylated Pro189/Gly207 residues (Tau-1) and
related to the active rDNA, and the other two with pSer202/Thr205 related to the inactive rDNA, on
the one hand, and to the mitotic spindle on the other. Considering the presence/absence of Tau with
pSer202/Thr205 in the nucleolus of differentiated/replicative cells, AT8 could be considered a marker

of the differentiated status of the neuronal cells.
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FIGURE LEGENDS

Fig. 1. Differentiation of the SK-N-BE cells following exposure for 12 days to retinoic acid (RA). (A,
B) Change in cell morphology induced by RA, and visible as very long cytoplasmic extensions among
differentiated cells. (C, D) Expression of the protein GAP-43, not present in the replicative cells. (E,
F) NOR formation: nucleolus of replicative cells shows many active NORs (Nucleolar Organizing
Regions). In differentiated cells NORs decrease in number and become larger. (G, H) The nucleolar
specific fibrillarin protein is largely present in the nucleolus of replicative cells, but absent in the
differentiated ones. In (C), (D), (G), and (H), nuclei were stained with DAPI (blue). Scale bars: 20, 50
and 10 pmin A, B, and C/D respectively. 5 um in E-F-G-H.

Fig. 2. Expression level of the rRNA gene cluster. (A) Schematic representation of the rDNA start
region, with the position (vertical arrows) of the amplified segments used to evaluate the rDNA
transcriptional level: non-transcribed promoter (nt-Pr), transcribed ETS (t-ETS) and transcribed 18S
gene (t-18S). Drawing is not to scale. (B) gRT-PCR amplification plot obtained with the three regions
(nt-Pr, t-ETS, and t-18S) in the replicative and differentiated SK-N-BE cells. ACTB was used as
endogenous controls. (C) Upper: graph with the ratio of the rRNA transcriptional level in the
differentiated cells with respect to the replicative SK-N-BE cells. t-ETS value indicates the drastically
reduced transcriptional level of the rDNA in differentiated cells (*** p < 0.001). RQ diff: RQ in
differentiated cells; RQ repl: RQ in replicative cells; each bar graph shows the + standard error of the
mean (SEM). Bottom: size of the amplified segments verified after gRT-PCR with a 2% agarose gel

electrophoresis. R, and D: replicative and differentiated cells, respectively; bp: base pairs.

Fig. 3. Tau protein in the SK-N-BE cells. Localization, by IF, of the Tau epitopes Tau-1 and AT8 in
replicative and differentiated cells. Representative nuclei (stained in blue with DAPI) are shown. (A)
and (B) show the localization of Tau-1 and ATS8, respectively, in the replicative cells. (C) and (D)
show the distribution of Tau-1 and ATS8, respectively, in the differentiated cells. (A’ to D’) and (A’ to
D’’) show the same nuclei in (A to D) with the DAPI staining (blue) and the IF signals (green),

respectively. Scale bars: 5 pum.

Fig. 4. Transcriptional block induced by Act-D, and Tau protein distribution. Detection of Tau protein
(epitopes Tau-1 and ATS8, green signals) after 1 hour of Act-D exposure of the cells (C, D) compared
to replicative (A, B) and differentiated (E, F) cells. In (B), two metaphases (m) with a large amount of
AT8 (green signals) are visible. In (D), a metaphase (m) with a low amount of AT8 (green signals) is

visible. (a to f) Nuclei with greater magnification and (a' to f') schematic representation of the
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nucleolar distribution of Tau epitopes in the cell conditions shown in (A) to (F), respectively. Letter
indications (a to f and a' to ) follow the upper panels (A) to (F), respectively. (G to L) Tau-1 and AT8
epitopes during mitosis. (G) and (1) Tau-1 in the replicative cells. (H) and (J) AT8 in the differentiated
cells. (K) and (L) Tau-1 and ATS, in the replicative SK-N-BE cells after 1 hour of Act-D exposure. (P)
and (T) localization of Tau-1 and AT8 (green signals), respectively, with respect to UBTF (red
signals). Tau-1 and AT8 were detected by FITC conjugated secondary antibody (green signals).
Nuclei and chromosomes were stained with DAPI (blue). The red arrow (panel J) indicates the

nucleolus (nu) without AT8. nu: nucleolus; m: metaphase; an: anaphase. Scale bars: 5 pm.

Fig. 5. Tau protein in the lymphocytes. Tau-1 and AT8 epitopes were localized in human lymphocytes
before (A, B), and after (D, E) 72 hours PHA exposure. Fibrillarin protein IF detection was included
as a control of the PHA induced (F) vs uninduced cells (C), as well the transcriptional level of the gene
(G). The different epitopes of Tau and FBL were detected by FITC conjugated secondary antibody
(green signals) and nuclei were stained with DAPI (blue). At the bottom of each panel, a dual colour
IF with detection of UBTF (red signals) and Tau-1/AT8/FBL (green signals) was shown. (G) FBL
transcriptional level in the lymphocytes cultured with or without PHA obtained by gRT-PCR and
ACTB as endogenous control. The relative quantifications (RQ) are represented as mean + SEM. ***
p < 0.001. PHA: phytohaemagglutinin; FBL.: fibrillarin; UBTF: upstream binding transcription factor.
Scale bars: 5 um.

Fig. 6. Alternative splicing of the MAPT gene in the SK-N-BE cells. (A) Exon organization of MAPT
gene. Blue exons are constitutive and the red ones are alternatively spliced in neuronal cells. Grey
exons are generally not present in the transcript of neuronal cells. The size of each exon is indicated at
the top of the scheme and corresponds to the coding sequence. The indicated size of the exon 1 (133%)
begins with the start codon and that of exon 13 (213*) finishes with the stop codon. Primers used for
RT-PCR (see Table 1 for the sequences) are indicated at the bottom: blue and red arrows indicate the
position of the forward (F) and reverse (R) primers, respectively. (B) and (C) Electrophoretic results
obtained by RT-PCR with the primers indicated in the upper part. M, indicates the marker DNA. R
and D indicate replicative and differentiated cells, respectively. At the bottom, the expected sizes of
the amplified segments are indicated. The obtained fragments or faintly visible are indicated in bold.
The fragments not observed are indicated in brackets. On the bottom right of panel (C), the Tau
isoforms are indicated in correspondence to the size of the amplified DNA obtainable with F1-R11
and F1-R13 primers. The underlined isoform 1N3R, with a size similar to the ON4R, is not present in
the cells, as demonstrated with gRT-PCR (see Fig. 7).
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Fig. 7. Transcriptional pattern of the MAPT gene. (A) and (B) gRT-PCR involving the spliced exons
2-3 (ON, 1IN, 2N repeats) and exon 10 (3R, 4R repeats), respectively, in replicative and differentiated
SK-N-BE cells. ON, 1IN, 2N, 3R and 4R amplification plots were obtained with primers F1/4-R5,
F2/4-R4, F2/3-R4, F9/11-R12 and F9/10-R12, respectively (primer sequences in Table 1). (C)
Histogram generated with values of 2", The relative quantifications (RQ) are represented as mean *
SEM.

Fig. 8. Expression level of the Tau protein. Representative immunoblots with signals detected by Tau-
5 (A), Tau-1 (B) and AT8 (C) antibodies on cell homogenates from replicative SK-N-BE cells (Repl.),
differentiated SK-N-BE cells (Diff.) and replicative SK-N-BE cells after 1 hour of Act-D treatment
(Repl.+Act-D). The bar graphs show the results of three independent experiments. Relative band
density was quantified using ImageJ software and the protein levels were expressed as arbitrary units
obtained after normalization to B-tubulin (D), which was used as a loading control. Data are expressed
as mean = SEM. ***p < 0.001, and **p < 0.01 vs replicative cells as determined by one-way ANOVA
followed by Tukey post hoc test.
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Table 1. PCR primers used to amplify the reverse transcribed mRNA of the MAPT gene and primers for qRT-
PCR to amplify rRNA transcripts.

Primer Type Gene Location Nucleotide sequence (5°-3°)

F1 Forward MAPT Exon-1 AACCAGGATGGCTGAGCCCC
F2 Forward MAPT Exon-2 CGGATCTGAGGAACCGGGCTC
F4 Forward MAPT Exon-4 TGAAGAAGCAGGCATTGGAG
R4 Reverse ~ MAPT Exon-4 GTGACCAGCAGCTTCGTCTT
RS Reverse ~ MAPT Exon-5 ATCGCTTCCAGTCCCGTCT
R7 Reverse ~ MAPT Exon-7 ATCCTGGTGGCGTTGGCCTG
R9 Reverse ~ MAPT Exon-9 CTTCCCGCCTCCCGGCTGGTG
F9/10 Forward MAPT Exon-9/10 CGGGAAGGTGCAGATAATTAA
F9/11 Forward MAPT Exon-9/11 AGGCGGGAAGGTGCAAATA
R11 Reverse ~ MAPT Exon-11 TGCTCAGGTCAACTGGTTTG
R12 Reverse  MAPT exon-12 CCCAATCTTCGACTGGACTC
R13 Reverse ~ MAPT exon-13 CAAACCCTGCTTGGCCAGGGA
F1/4 Forward MAPT Exon-1/4 GCTGGCCTGAAAGCTGAAG
F2/4 Forward MAPT Exon-2/4 CAACAGCGGAAGCTGAAGAA
F2/3 Forward MAPT Exon-2/3 ACTCCAACAGCGGAAGATGT
ntPr-F Forward  rRNAs Promoter (42805®)  GTGTGTCCTTGGGTTGACCA®
ntPr-R Reverse  rRNAs Promoter (42975®)  CCGACTCGGAGCGAAAGATA®
tETS-F Forward  rRNAs ETS (9¥) GCTGTCCTCTGGCGAC

tETS -R Reverse ~ rRNAs ETS (1209) CGGCAGGCGGCTCAAG

t18S-F Forward  rRNAs 18S rRNA (5340®)  CCCTGCCCTTTGTACACACC
t18S-R Reverse  rRNAs 18S rRNA (5520®)  CCTTCCGCAGGTTCACCTAC
FBL-F Forward FBL exon-5© TGGACCAGATCCACATCAAA®
FBL-R Reverse ~ FBL exon5/6© GACTAGACCATCCGGACCAA®
FH1-ACTB Forward ACTB Exon-2 GACGACATGGAGAAAATCTG®
RH1-ACTB Reverse ACTB Exon-2/3 ATGATCTGGGTCATCTTCTC®

MAPT primers are from Souter and Lee 2009 and Spicakova et al. 2010. ETS: External transcribed spacer. (a)
primer position (the first nucleotide) in the "Human ribosomal DNA complete repeating unit" sequence
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(GenBank: U13369.1). (b) from Ford et al. 2006. (c) GenBank: NM001436.3. (d) from Koh et al. 2011. (e) and
(f) from Sigma-Aldrich (cat. n. HA04662150 and HA04662151, respectively).
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Highlights:
Phosphorylation of the Ser202/Thr205 residues (AT8 epitope) occurs in the nucleolus of
transcriptionally inhibited cells.
Only the smallest isoform, ON3R, of the Tau protein is present in the SK-N-BE
neuroblastoma cell line.
The expression of the nuclear Tau increases during neuronal cell differentiation.
Tau protein (Tau-1 epitope) colocalizes with the upstream binding transcription factor in
the nucleolus.
PHA-induced lymphocytes and neuroblastoma replicative cells show a similar nuclear

Tau distribution.
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