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4

5

6

7

8

aDeparment of Physiology, Biophysics and Neuroscience, CINVESTAV, CDMX, México9
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Abstract. It has been reported that the main function of tau protein is to stabilize microtubules and promote the movement
of organelles through the axon in neurons. In Alzheimer’s disease, tau protein is the major constituent of the paired helical
filament, and it undergoes post-translational modifications including hyperphosphorylation and truncation. Whether other
functions of tau protein are involved in Alzheimer’s disease is less clear. We used SH-SY5Y human neuroblastoma cells as an
in vitro model to further study the functions of tau protein. We detected phosphorylated tau protein as small dense dots in the
cell nucleus, which strongly colocalize with intranuclear speckle structures that were also labelled with an antibody to SC35,
a protein involved in nuclear RNA splicing. We have shown further that tau protein, phosphorylated at the sites recognized
by pT231, TG-3, and AD2 antibodies, is closely associated with cell division. Different functions may be characteristic of
phosphorylation at specific sites. Our findings suggest that the presence of tau protein is involved in separation of sister
chromatids in anaphase, and that tau protein also participates in maintaining the integrity of the DNA (pT231, prophase) and
chromosomes during cell division (TG-3).
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INTRODUCTION33

Microtubules, which are a major component of34

the cytoskeleton, are dynamic structures that undergo35

continual assembly and disassembly within the cell36

[1, 2], determine cell shape, and function of the37

intracellular transport of organelles and separation38

of chromosomes during cell division [2], and are39

composed of �- and �-tubulin dimers [3] and40

their assembly and stability involves microtubule-41

associated proteins (MAPs). The best characterized42

of these are MAP1, MAP2, and tau protein [4]. In43

human brain tissue, six tau isoforms (342–441 amino44

acids in length) are expressed and these are gener-45

ated by alternative splicing of exons 2, 3, and 10.46

Exons 2 and 3 encode two N-terminal inserts, whereas47

exon 10 encodes an additional tandem repeat within48

the C-terminal domain that gives rise to 3- and 4-49

repeat isoforms (3 R and 4 R) [5, 6]. Tau protein has50

been extensively studied since it was identified as51

the major component of the neurofibrillary tangles52

(NFTs) isolated from brains of Alzheimer’s disease53

(AD) patients [6]. NFTs are formed by the accumula-54

tion of abnormal tau and, under electron microscopy,55

appear as paired helical filaments [7, 8]. Tau protein56

can be hyperphosphorylated and truncated, postrans-57

lational events that would favor the generation of a58

series of conformational misfoldings. Tau protein is59

an abundant protein having a diverse cellular distri-60

bution and is likely to have multiple functions; this61

protein, found in the plasma membrane, is dephos-62

phorylated at serine/threonine residues, suggesting63

that the phosphorylation state of tau regulates its64

intracellular trafficking. Dephosphorylation of tau65

may increase the association of tau with trafficking66

proteins which target tau to the plasma membrane67

[9]. Other studies have shown the presence of tau68

protein in the nucleus of both neuronal and non-69

neuronal cells [10–12]. Tau protein, expressed in the70

nucleolus of mitotic HeLa cells, is involved in nucle-71

olar organization [13]. It has also been found in the72

nucleolus of undifferentiated human neuroblastoma73

cells SH-SY5Y, and it has been suggested that nuclear74

tau could participate in the synthesis, assembly, and75

transport of ribosomes [14–16]. Whereas the 3 R tau76

isoform is expressed in undifferentiated SH-SY5Y77

cells, both 3 R and 4 R isoforms are expressed follow-78

ing differentiation of these cells [17]. The splicing79

factor SC35, a member of the superfamily of the80

serine/arginine-rich (SR) protein, promotes inclusion81

of the tau exon 10. Nuclear speckles, as granular82

clusters, are nuclear domains enriched in pre-mRNA83

splicing factors, located in the interchromatin regions 84

of nucleoplasm [18]. 85

The aim of this study was to analyze the pattern of 86

expression and cellular localization of phospho-tau 87

protein during cell cycle division and its relationship 88

with SC35 (speckles) in both cultured neuroblastoma 89

cells and AD brain.
90

MATERIALS AND METHODS 91

Brain tissue 92

Brain tissues from six AD patients were examined 93

in this study (ages 47–90 years, mean 67.5 years, with 94

2–6 hour postmortem delay). These were obtained 95

from the National Brain Bank CINVESTAV, Mex- 96

ico. Autopsies were performed on donors from whom 97

written informed consent had been obtained either 98

from the donor or direct next of kin. The diagnosis 99

of AD was obtained by the NIA-NINCDS group cri- 100

teria [19]. Blocks of the hippocampus and adjacent 101

entorhinal cortex were fixed by immersion in a solu- 102

tion of 4% paraformaldehyde in phosphate-buffered 103

saline (PBS), pH 7.4, at 4ºC for 7 days.
104

Cell culture 105

The human neuroblastoma SH-SY5Y cell line 106

(ATCC, Manassas USA), was maintained in DMEM 107

high glucose (Gibco, USA) supplemented with 108

10% heat-inactivated fetal bovine serum (FBS), 109

l-glutamine (2 mM), penicillin (100 U/ml), and strep- 110

tomycin (100 �g/ml) under an atmosphere of 5% 111

CO2, in a humidified incubator at 37◦C. 112

For immunofluorescence, cells were seeded at 113

2.5x104 cells on 12 mm glass coverslips. Coverslips 114

were maintained in 4-well dishes (Falcon 1.39 cm2), 115

in DMEM high glucose supplemented with 10% 116

FBS, glutamine and antibiotics in a 5% CO2 incu- 117

bator at 37◦C for 48 h. To induce differentiation, 118

70% confluent cultures were treated for seven days 119

with retinoic acid (10 �M), in DMEM high glucose 120

supplemented with 1% FBS. Treatment with stau- 121

rosporine (Sigma, St. Louis Mo. USA) was at a 122

concentration of 0.02 �M for 12 h.
123

Isolation of nuclear fraction 124

The procedure described by Guillemin et al. was 125

used to isolate the nuclear fraction from SH-SY5Y 126
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cells [20]. Briefly, monolayer cultures grown in 100-127

mm petri dishes were harvested by trypsination and128

washed once with PBS. From here on, all the steps129

were done at 4◦C and the buffers supplemented with130

protease and phosphatase inhibitor cocktails (Sigma,131

USA). The pellet was resuspended in CLB buffer132

(10 mM HEPES, 10 mM NaCl, 1 mM KH2PO4,133

5 mM NaHCO3, 5 mM EDTA-Na2, 1 mM CaCl2,134

0.5 mM MgCl2) to a ratio of 7-8x106 cells/0.5 ml135

and then incubated for 5 min on ice. The homoge-136

nization was performed by applying 20–30 passages137

through a 22-gauge needle, then isotonicity of this138

crude homogenate was restored by adding 50 �l of139

2.5 M sucrose (a small aliquot of this extract was140

kept at –20◦C for further analysis) before centrifuga-141

tion at 6300xg in a tabletop centrifuge (Beckman,142

USA). The pellet was resuspended in 1 ml TSE143

buffer (10 mM Tris, 300 mM sucrose, 1 mM EDTA-144

Na2, 0.1% NP-40) and homogenized by 20 passages145

through a 22-gauge needle. The suspension was cen-146

trifuged at 4000xg for 5 min, the supernatant stored147

at –20◦C as source of cytoplasm extract, and the148

pellet washed with TSE buffer until the supernatant149

was completely clear. The pellet was resuspended150

in 100 �l TSE buffer (nuclei) and stored at –20◦C151

until used. The protein content of the fractions was152

determined using BCA protein assay (Thermo Fisher153

Scientific, USA).154

Immunoblotting 155

Protein samples (40–50 �g) were separated by 156

10–12% SDS-PAGE, transferred onto PVDF mem- 157

brane (Bio-Rad, USA) and probed using antibodies 158

to ascertain the purity of the different fractions. Anti- 159

human GAPDH antibody was used as a control for 160

the cytoplasmic fraction and anti-human lamin A/C 161

for nuclear fraction. The detection was visualized 162

after applying specific secondary HRP-conjugated 163

antibodies and exposure to ECL chemiluminescent 164

substrate (Perkin Elmer, USA). 165

Antibodies 166

General characteristics of the antibodies used are 167

summarized in Table 1. 168

Immunofluorescence 169

Double immunolabeling in AD brain tissue 170

Free-floating sliding microtome sections (50 �m) 171

were treated with Pronase (0.5%) for 20 min and 172

formic acid pure for 1 min before the immunola- 173

beling. After, sections were blocked with a 0.2% 174

IgG-free albumin solution (Sigma Aldrich.) in PBS 175

for 20 min at room temperature. Sections were then 176

incubated with primary antibodies cocktail pSer404

Table 1
Antibodies and recognition sites

Antibody Epitope (amino acid residue numbers) Species and Reference, source
isotype

Alz-50 Tau 5–15, 312–322. Structural conformational change Mo IgM [21, 22]
TG-3 Tau phospho-Thr231. Regional conformational change Mo IgM [23]
pT231 Tau phospho-Thr231 Rb IgG Thermo Fisher
pT235 Tau phospho-Ser235 Rb IgG [24], Abcam
AT100 Tau phospho-Ser202, Thr205, Thr212, Ser214. Regional

conformational change
Mo IgG [25], Thermo Fisher

AD2 Tau phospho-Ser396, Ser404 Mo IgG [26]
pSer396 Tau phospho-Ser396 Rb IgG Thermo Fisher
pSer400 Tau phospho-Ser400 Rb IgG [27], Thermo Fisher
pSer404 Tau phospho-Ser404 Rb IgG Thermo Fisher
pSer422 Tau phospho-Ser422 Rb IgG Thermo Fisher
Tubulin Alpha-tubulin Rb IgG [28], Thermo Fisher
Tau-5 Mid-tau 210–241 Mo IgG [29]
Tau-1 Tau dephosphorylated 195,198, 199 and 202 Mo IgG [30]
Tau-7 Tau C-terminus Mo IgG [31]
T46 Tau 404–441 Mo IgG [32]
Tau499 Tau N-terminus 14–26 Mo IgG [33]
SC35 Recognizes a phospho-epitope of non-snRNP (small nuclear

ribonucleoprotein particles)
Mo IgG [34], Sigma Aldrich

GAPDH Glyceraldehyde 3-phosphate dehydrogenase Rb IgG [35], Millipore
Lamin A/C Lamin A/C Rb IgG Abcam

Mo, mouse; Rb, rabbit; IgG, immunoglobulin G; IgM, immunoglobulin M Fluorescent dyes: Rhodamine phalloidin (Sigma-Aldrich),
TO-PRO-3-iodide (Molecular Probes) were used to visualize actin filaments and nuclei, respectively.
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(1:100 dilution) and T46 (1:100) overnight at 4ºC, and177

then with FITC-tagged goat-anti-rabbit IgG CY5-178

tagged goat anti-mouse IgG secondary antibodies179

(Jackson Immunoresearch Lab Inc., West Grove).180

PBS–0.2% Triton X-100 (Sigma Aldrich) solution181

was used in all of the immunolabeling steps. Sam-182

ples were counterstained with the dye Thiazin red183

(TR) to differentiate non-fibrillar from fibrillar states184

of tau aggregates [36].
185

Double and triple tau protein immunolabeling in186

SH-SY5Y cells187

Cells were fixed with 4% paraformaldehyde in PBS188

(pH7.4) for 30 min at room temperature, followed189

by permeabilization in 0.2% triton-X100 for 10 min190

(Sigma Aldrich) in PBS and then blocked with 0.2%191

IgG-free albumin solution (Sigma Aldrich) in PBS192

for 20 min at room temperature, incubated at 4◦C193

overnight with the primary antibodies (see Table 1)194

and revealed using a mixture of secondary antibod-195

ies specific for species and immunoglobulin isotype196

used. Samples were counterstained with 0.0001%197

To-Pro-3 iodide dye (InVitrogen) in PBS. For triple198

labelling, cells were incubated with a primary anti-199

body cocktail consisting of pT231, pS235, pS396,200

or TG-3 with tubulin at 4◦C overnight and counter-201

stained with To-Pro-3 iodide dye.202

For the detection of the intranuclear speckle203

structures, we used a monoclonal antibody raised204

against the splicing factor SC35 (Sigma Aldrich)205

diluted 1:100. Anti-SC35 and pT231 antibodies were206

applied simultaneously (1:200) and counterstained207

with To-Pro-3 iodide dye in differentiated and undif-208

ferentiated SH-SY5Y cells.
209

Confocal microscopy210

Double and triple immunolabeled sections were211

mounted in anti-quenching media Vectashield (Vec-212

tor Labs, Burlingame) and viewed through a confocal213

laser scanning microscope (TCP-SP8, Leica, Heidel-214

berg) using a 20X dry and 100X oil-immersion plan215

Apochromatic objectives (NA 1.4). Ten to fifteen con-216

secutive single sections were obtained at 0.8–1.0 �m217

intervals and sequentially scanned in all channels218

throughout the z-axis of the sample. The resulting219

stack of images was projected and analyzed onto the220

two-dimensional plane using a pseudocolor display221

green (FITC), red (TRITC), and blue (CY5). Fluo-222

rochromes in double and triple labeled samples were223

excited at 488 nm (for FITC), 540 nm (for TRITC),224

and 650 nm (for CY5). The autofluorescence of lipo- 225

fuscin granules in AD brain tissue was observed in the 226

red channel. The images were analyzed using Leica 227

SP8 software. 228

Immunoelectronmicroscopy 229

Brain blocks from AD hippocampus were fixed 230

by immersion in a mixture of 4% paraformalde- 231

hyde and 0.2% glutaraldehyde in PBS (pH 7.3) 232

at 40◦C for 2.5 h after post-fixation with a 1% 233

osmium tetroxide solution for one additional hour, 234

tissue was embedded in lowicryl resin and poly- 235

merization was performed under ultraviolet light for 236

72 h. Ultrathin sections were put on nickel grids 237

and then processed for gold-immunolabeling as fol- 238

lows: incubation with Alz50 (1:20 dilution in PBS) 239

for 45 min at room temperature; 2) incubation with 240

an anti-mouse gold-conjugated-IgM secondary anti- 241

body (Amersham, UK) (20 nm particle diameter) 242

diluted at 1:100. As a control for antibody specificity 243

some sections were incubated with the non-AD- 244

related primary antibody, CB-Help1, and similarly 245

processed. Immunolabeled ultrathin section were 246

counterstained with uranyl salts and viewed using an 247

electron microscope (JEOL, JEEM 2000EX). 248

RESULTS 249

Expression of tau protein in nucleus 250

Subcellular fractionation of neuroblastoma cells 251

Despite the abundance of axonal tau in neural tis- 252

sue in humans without neurological alterations and 253

in wild-type mice, the protein is difficult to visualize. 254

To demonstrate the presence of nuclear tau, there- 255

fore, we separated the nuclear fraction to show the 256

presence of intact, phosphorylated tau protein in the 257

nucleus. 258

SH-SY5Y neuroblastoma cells were analyzed 259

by immunoblots. These include undifferentiated 260

(Fig. 1A-C, E, F) and differentiated cells (Fig. 1D) 261

separated by SDS-PAGE as total homogenate (lane 262

1), cytosol (lane 2), and nuclear fraction (lane 3). 263

The extent of purification was established by the 264

presence of two bands recognized by lamin A/C at 265

60–75 kDa in the nuclear but not the cytoplasmic frac- 266

tion (Fig. 1E). Conversely, the 38-kDa GAPDH was 267

observed only in the cytoplasmic fraction (Fig. 1F, 268

Lane 3).
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Fig. 1. Immunoblots from undifferentiated SH-SY5Y cells (A-
C, E-F), obtained from total cell homogenate (lane 1), cytosolic
fraction (lane 2), and nuclear fraction (lane 3) with the anti-
bodies indicated. Relative molecular mass for immunoreactive
bands is given on right. Figures show representative figures from
three independent experiments. In the panel below (G, H), dou-
ble immunostaining of cells in culture shows dense spots in the
nucleus (small arrows) labeled with pT231 antibody (green chan-
nel) surrounded by tubulin and actin networks (red channel) and
within the nucleus counterstained with TO-PRO (blue channel). A
cell undergoing division (arrowheads) shows the mitotic spindle
stained strongly for tubulin (G, large arrow) in undifferentiated
cells. For differentiated cells, the immunoreactivity of the pT231
antibody is observed abundantly in the cell nucleus and staining
in the form of a string of beads is observed along the cytoplasmic
extension (H, arrows).

Expression of tau protein in undifferentiated269

SH-SY5Y cells270

Tau-5 (Fig. 1A), an antibody that recognizes an271

epitope in residues 210–241 of tau protein, reacts272

with two dense bands of 45–68 kDa, in the total273

homogenate, and in the cytoplasmic and nuclear274

fractions. Tau-1, an antibody that depends upon 275

the dephosphorylation of tau on residues 195–202 276

(Fig. 1B), reacts with 4 bands of 52–68 kDa in the 277

total homogenate (lane 1). After fractionation, three 278

of these bands were found in the cytoplasmic fraction 279

(lane 2), and a single band of 64 kDa in the nuclear 280

fraction (lane 3). The antibody directed against the 281

phosphorylated tau epitope at amino acid Thr-231 282

(pT231, Fig. 1 C) recognized a dense band in total 283

homogenate (lane 1) and nuclear extract (lane 3), hav- 284

ing an approximate weight of 64 kDa, that was not 285

present in the cytoplasmic fraction (lane2). 286

Expression of phosphorylated tau protein in 287

differentiated human SH-SY5Y cells 288

The pT231 antibody reacted with two bands of 52 289

and 68 kDa in total homogenate that were present in 290

both cytoplasmic and nuclear fractions (Fig. 1D). 291

Expression of the tau protein phosphorylated at 292

Thr-231 is associated with the cell cycle changes 293

pT231 immunoreactivity in undifferentiated cells 294

was seen in thick and dense spots, or speckles, 295

in the nucleus of quiescent cells (Fig. 1 G, small 296

arrows). In addition, a fine granular staining was 297

observed in the cytoplasm. This immunoreactivity 298

increases throughout the cytoplasm as cells enter 299

the division cycle (Fig. 1 G, arrowheads), where the 300

mitotic spindle and microtubules of the cytoskeleton 301

are visualized with tubulin antibody (Fig. 1 G, long 302

arrow). When cells are differentiated with retinoic 303

acid (Fig. 1 H), long cytoplasmic extensions form at 304

the end where the growth cone was detected, and 305

where the expression of pT231 was observed like 306

a string of beads. The cytoskeleton of these cells 307

was revealed with rhodamine-conjugated phalloidin 308

(red channel). Additionally, a granular immunoreac- 309

tive staining pattern was observed in the nucleus of 310

differentiated cells with this antibody. 311

Double immunolabelling with the pT231 and 312

TG-3 antibodies with undifferentiated SH-SY5Y 313

cells 314

The immunoreactivity of the pT231 antibody was 315

associated with intranuclear specks in quiescent cells 316

(Fig. 2A, arrowheads, green channel). As the cells 317

enter the cell cycle, there was an increase of pT231 318

immunoreactivity (Fig. 2A, arrows, red channel). 319
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However, the labeling of the TG-3 antibody was only320

observed in cells undergoing cell division (Fig. 2A,321

arrows, red channel). TG-3 immunoreactivity was322

concentrated in the periphery of the chromosomes323

as revealed by To-PRO (2A-C, blue channel). In324

cells undergoing cytokinesis, pT231 immunoreactiv-325

ity decreases drastically (Fig. 2B, arrows) and dense326

granular staining is observed in the cytoplasm asso-327

ciated with nuclei, in cells in the cytokinesis process328

the TG-3 antibody showed no reactivity (Fig. 2B,329

arrows). Magnification (2A’) of the image 2A, where330

a single optical image is shown, the immunoreactivity331

of the TG-3 antibody (2A’, arrowheads, red channel)332

is more intense in the periphery of the chromosomes.333

However, the immunoreactivity of the pT231 anti- 334

body was observed homogenously throughout the 335

cytoplasm (2A’, green channel) 336

Double immunolabelling with antibodies pT231 337

and AT100 338

The immunoreactivity with the AT100 antibody 339

was characterized as dense granular speckles in qui- 340

escent cells (Fig. 2 C, arrowheads, red channel) and 341

these colocalized with pT231 reactivity (Fig. 2 C, 342

merged image) AT100 immunoreactivity did not 343

increase during cell division (Fig. 2 C, arrows). 344

Fig. 2. Double immunostaining of undifferentiated SH-SY5Y cells with antibodies directed against phosphorylated epitopes in tau protein
(pT231, green channel and TG-3 or AT100, red channel) and contrasted with To-PRO dye (blue channel). A) In quiescent cells the dye is
located in dense granules that are immunoreactive for pT231 (arrowheads). Immunoreactivity for both pT231 and TG-3 increases in cells
undergoing cell cycle (merged image). A’) Magnification of image A, where a single optical image shown on the middle body cell. TG-3
immunoreactivity bordering the chromosomes. B) By the end of cell cycle, immunoreactivity for the pT231 antibody decreases (arrows, green
channel) and, in the periphery, dense spots are observed, while immunoreactivity for TG-3 disappears (red channel). C) Immunoreactivity
for AT100 does not differ in intensity between quiescent cells (arrowheads) and dividing cells (arrows).
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Immunoreactivity pattern of the AD2 antibody in345

undifferentiated SH-SY5Y cells346

The affinity of the AD2 antibody depends on the347

phosphorylation of amino acids serine 396 and ser-348

ine 404. The staining pattern of this antibody was349

characterized by fine granular staining in the nucleus350

of quiescent cells (Fig. 3A, small arrows). However,351

the immunoreactivity of this antibody increased in352

cells entering cell division (Fig. 3A, large arrow).353

At anaphase, AD2 immunoreactivity increased in354

the middle of the cluster of chromosomes migrating355

toward their poles (Fig. 3B).356

Double immunostaining with pT231 and357

anti-tubulin antibodies358

Undifferentiated SHSY-5Y cells were immunos-359

tained with both pT231 (green channel) and tubulin360

(red channel) antibodies (Fig. 4). The immunore-361

activity of pT231, was observed in quiescent362

(post-mitotic) cells as an intranuclear granu-363

lar staining pattern (speckles) (Fig 4A, arrows),364

immunoreactivity to the anti-tubulin antibody clearly365

shows the cytoskeletal fibers of the cytoplasm. pT231366

immunoreactivity increases in the nucleus, where the367

reactivity is characterized by abundant diffuse gran- 368

ular staining in the nucleus (Fig. 4B, short arrows). 369

Condensation of the chromosomes is evident at 370

this stage; the immunoreactivity of the anti-tubulin 371

antibody increases at two dense points at opposite 372

poles to the periphery of the nucleus. The cell is 373

completely round and the immunoreactivity of the 374

pT231 antibody increases considerably in intensity 375

in the cytoplasm and in the microtubular kinetochore 376

(mitotic spindle) is formed (Fig. 4 C). Immunore- 377

activity to pT231 decreases as sister chromatids 378

migrate toward the opposite poles of the cell, at 379

which stage there is scarce granular staining. How- 380

ever, immunoreactivity to pT231 is still observed in 381

the cytosol (Fig. 4D). Finally, when chromosomes are 382

concentrated at each of the poles at the initiation of 383

cytokinesis, diffuse granular pT231 immunoreactiv- 384

ity is scarce. The microtubules become fragmented 385

on preparing for the separation of the sister cells 386

(Fig. 4E). 387

Double immunostaining with SC35 and pT231 388

antibodies 389

The SC35 antibody demonstrates the intranuclear 390

structures called speckles, which are pre-mRNA 391

Fig. 3. Immunolabelling with AD2 (green channel) counterstained with TO-PRO dye. A) Immunoreactivity of the AD2 antibody increases
in cells cycle (large arrow), whereas in quiescent cells there is a fine granular stain in the nucleus (small arrows). B) The affinity for the AD2
antibody is increased (large arrow) between sister chromatids (arrowheads).
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Fig. 4. Double immunostaining with antibodies pT231 (green
channel) and tubulin (red channel), counterstained with the TO-
PRO dye (blue channel). A) pT231 tau is seen in dense spots
in quiescent cells within the nucleus. B) During prophase, con-
densation of the chromosomes is observed, and phospho-tau
immunoreactivity is increased in a diffuse granular staining pattern
(small arrows) with centrioles seen with tubulin antibody (large
arrow). C) During metaphase, the spindle has developed (arrow-
heads) and chromosomes are found in the equator (asterisk). At
this stage, pT231 immunoreactivity fills the entire cellular cyto-
plasm. D) In anaphase, the sister chromatids have separated and
lie towards the poles (arrows), whereas pT231 immunoreactiv-
ity decreases to a diffuse granular staining. E) During telophase,
in cytokinesis and nucleation, pT231 immunoreactivity decreases
drastically (arrowheads).

splicing intranuclear domains found in the interchro-392

matin regions of the cell nucleoplasm. In SH-SY5Y393

cells, the SC35 antibody revealed dense speckles394

in the nucleus of quiescent cells (Fig 5A, green395

channel, arrowhead), which colocalize with pT231396

immunoreactivity (Fig 5A, red channel and merged,397

arrowhead). However, some granules reactive to398

pT231 were not recognized by anti SC35. During399

prophase, the nuclear speckles undergo a redistri-400

bution into dense granules immunoreactive to SC35401

(Fig. 5B). These dense granules colocalize with the402

expression of tau protein, in the nucleus, and a403

diffuse staining was observed in the nucleoplasm404

(Fig. 5B, arrow, green channel). Speckles are com-405

monly observed at the periphery of nuclei. A distinct406

staining pattern for SC35 was observed when chro-407

mosomes were aligned at the equator of the cell.408

At this stage of the cell cycle, SC35 immunore-409

activity decreased and diffuse staining, which does410

not colocalize with tau protein, is increased at this411

stage (Fig. 5 C, arrow). During separation of the sis-412

ter chromatids to the poles, SC35 immunostaining413

decreases to a faint diffuse staining (Fig. 5D, green414

channel) in the daughter cells. At telophase, there 415

were abundant speckles immunoreactive with SC35 416

(Fig. 5E). Associated with the newly formed nuclei, 417

dense dots immunoreactive with SC35 colocalized 418

with pT231 immunoreactivity (Fig. 5E, arrows). At 419

this stage, however, the cytoplasmic reactivity to 420

pT231 decreased. 421

Double immunostaining with SC35 and pT231 422

for SH-SY5Y cells treated with staurosporine 423

SH-SY5Y cells exposed to staurosporine favor the 424

development of cytoplasmic extensions compared to 425

untreated cultures and greater expression of tau pro- 426

tein (red channel) and SC35 (green channel) (Fig. 6A, 427

B). In the cytoplasm, these markers were not colo- 428

calized. The anti-SC35 antibody showed perinuclear 429

fibers in the direction of the prolongations. 430

Nuclear speckles, co-labeled with both SC35 and 431

pT231, were observed in the nucleus. Additionally, 432

diffuse granular staining with pT231, which did not 433

colocalize with SC35, was observed in the terminals 434

of the extensions, where there was a concentration of 435

SC35 protein (Fig. 6B, arrowheads). 436

Expression of nuclear tau protein in brains of AD 437

patients 438

The expression of phosphorylated N-terminal, 439

conformational and truncated tau protein epitopes in 440

NFTs and pre-NFTs was examined in brains from AD 441

patients. Pre-NFTs are the first steps in the aggrega- 442

tion of tau protein in the neuronal soma. The pre-NFT 443

was characterized by diffuse granular cytoplasmic 444

staining revealed by pT231 (Fig. 7A, arrow) and TG- 445

3 (Fig. 7B), and a perinuclear staining with both 446

antibodies was observed (Fig 7A, B). In the double 447

immunostaining with the mAbs pSer404 and Alz50, 448

labeling of an intracellular NFT with pS404 was 449

observed (Fig. 7 C, arrowheads) in addition to stain- 450

ing within the nucleus (Fig. 7 C, D, arrows) and, in 451

the vicinity, dystrophic neurites immunoreactive to 452

Alz50 were observed. Pre-treatment of the tissues 453

with Pronase and formic acid favored labelling by 454

Alz50 in the nucleus (Fig. 7E, arrows) and an NFT 455

reactive with mAb 423 was observed nearby. Immu- 456

noelectron microscopy was used to establish Alz50 457

reactivity associated with nuclear heterochromatin 458

(Fig. 7F, arrows).
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Prophase

Metaphase

Anaphase

Telophase

Fig. 5. Double immunostaining with antibodies raised against the SC35 protein (green channel) and pT231 (red channel). In quiescent cells,
SC35 immunoreactivity colocalized with dense granules positive for pT231. During cell cycle, SC35 immunoreactivity decreases markedly
(B-E arrows, green channel), whereas pT231 immunoreactivity is increased during prophase and anaphase (B-E). During telophase, SC35
immunoreactivity is observed as dense spots, some of which colocalize with pT231 (arrows).

DISCUSSION459

Phosphorylated tau protein in the nucleus460

of SH-SY5Y cells461

Expression of tau protein is found in both neurons462

and non-neuronal cells [11]. In neurons, tau protein is463

located in the axon and dendritic terminals, where it464

serves to stabilize microtubules and assist in the trans-465

port of vesicles and organelles along the axon [37].466

Under pathological conditions, tau protein acquires467

the ability to self-aggregate in paired helical fila-468

ments in AD and other dementias called tauopathies469

[38–43]. Visualization of the tau protein by routine470

immunohistochemistry and immunofluorescence in471

the axon of neurons under normal conditions is com-472

plicated. Similarly, its presence and function within473

the nucleus has been controversial. The observation474

of proteins within the nucleus depends on the method 475

of fixation and permeabilization. Several studies have 476

demonstrated the presence of nuclear tau protein; the 477

variability of results may, in part, be due to the exper- 478

imental system [44]. 479

Our immunohistochemical study of tau protein 480

in undifferentiated neuroblastoma cells (SH-SY5Y) 481

reveals the expression of phosphorylated tau protein 482

in dense speckles within the nucleus, consistent with 483

previous studies [16, 45, 46], and the presence of 484

diffuse granular staining in the cytoplasm. Previous 485

studies in neuroblastoma cells described the presence 486

of non-phosphorylated tau protein recognized by the 487

Tau-1 antibody in the nucleolus. During cell cycle, 488

Tau-1 immunoreactivity exhibits granular staining 489

associated with chromosomes, suggesting that tau 490

protein might have some normal physiological func- 491

tions not necessarily associated with microtubules 492
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Fig. 6. Expression of SC35 and pT231 in undifferentiated staurosporine-treated SH-SY5Y cells. A) SC35 immunoreactivity is strong as
dense spots within the nucleus, which colocalize with pT231 staining. SC35-immunoreactive staining was observed in the cytoplasm,
which is independent of the staining to pT231 in the cytoplasm. B) In the cytoplasmic terminals, an increase in both pT231 tau and SC35
(arrowheads) signals is observed in cultures treated with staurosporine. In contrast, these markers do not colocalize in the cytoplasm (merged
image, arrowhead).

[16, 47, 48]. It has been suggested that the role of tau493

depends on the functional status and development of494

the cell, which hints that tau protein may exert dif-495

ferent functions. In resting MDCK and mesenchymal496

cells in resting, we could have recently observed evi-497

dence the of tau protein in dense specks within the498

nucleus. When the cells they enter the cell cycle, the499

expression of tau is increased similar to that observed500

in SHSY-5Y cells. This raises the following impor-501

tant question is important as to whether: the presence502

of the native nuclear tau protein in some certain cel-503

lular models could can modify its function when it is504

over overexpressed.505

Other markers mainly reveal cytoplasmic tau, sug-506

gesting that tau protein can be found in different507

conformations and that different antibodies may not508

have access to particular epitopes [44]. In this study,509

and it important to emphasize, cells were fixed510

with 4% paraformaldehyde and permeabilized for511

10 min with Triton X-100. Under these conditions,512

in SH-SY5Y cells, we observed expression of phos-513

phorylated tau in nuclear speckles (pT231). These514

observations are in contrast to other studies, in which515

phosphorylated tau protein was not detected in the516

nucleus [16, 45]. We suggest that tau protein can517

be found in both phosphorylated and dephosphory-518

lated forms in the nucleus. The localization may vary 519

depending on the type of cell and in its intranuclear 520

location. However, the roles that phosphorylated and 521

non-phosphorylated tau protein play in the nucleus 522

are not yet understood. A previous study showed 523

the expression of recombinant tau protein in CHO 524

cells during mitosis, the phosphorylated tau protein 525

was observed in the cell nucleus expressed; tau was 526

associated with the mitotic spindle [49]. This is in 527

contrast with our observations for pT231, TG-3, and 528

AD2 in SH-SY5Y cells, immunoreactivity of tau 529

antibodies did not colocalize with the microtubular 530

mitotic spindle. pT231 and TG-3 immunoreactiv- 531

ity is increased throughout the cytoplasm during 532

metaphase. Phosphorylation at Thr-231 was observed 533

throughout the cytoplasm of the cell, encompass- 534

ing the entire mitotic spindle and chromosomes 535

found at the equator of cells possibly organizing 536

and maintaining the integrity of the chromosomes. 537

In an immunohistochemical study of tau expression 538

in the mouse testis, immunoreactivity with antibod- 539

ies directed against phosphorylated tau protein was 540

observed during meiosis, where the AT270 epitope 541

(pT181) was expressed abundantly in the seminif- 542

erous tubules [50]. In past studies, pT231 was not 543

observed, suggesting that tau protein plays a role 544
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Fig. 7. Expression of tau protein in AD brain tissue. A, B) A pre-NFT immunoreactive to pT231, shows cytoplasmic granular staining
(arrows) and an abundant staining in the perinuclear cells (arrowheads). C, D) Double labeling with the antibodies pS404 (green channel)
and Alz50 (blue channel). C) Neurofibrillary tangle is reactive to pAb pS404 (arrowheads), and this antibody also shows immunoreactivity
in the cell nucleus (arrows). At the periphery, dystrophic neurites are positive for both markers. D) pAb pS404 immunoreactivity is shown in
nuclei (arrows), with Alz50 immunoreactivity in the peripheral dystrophic neurite. E) Double immunostaining with mAb 423 (green channel,
arrowhead) and Alz50 (blue channel, arrows), following treatment with Pronase and formic acid, revealed abundant immunoreactivity for
Alz50 in the nucleus of the neuronal cells (blue channel). Autofluorescent lipofuscin granules are also observed in the red channel. F)
Immunoelectron microscopic staining with Alz50 shows the presence of abundant gold particles associated with nuclear heterochromatin
(arrows).

in spermatogenesis. The variation on the expres-545

sion of the epitopes of the tau protein observed546

can be both cell and tissue dependent [51]. The547

TG-3 antibody immunoreactivity evidences a confor-548

mational change dependent on phosphorylation (in549

the amino acids Thr231 and Ser235) [23]. In SH-550

SY5Y cells, TG-3 immunoreactivity was seen only551

in cells that were undergoing cell division. The dis-552

tribution pattern of the TG-3 immunoreactivity was553

diffuse and granular, but stronger immunoreactivity554

was observed in the vicinity of the chromosomes.555

This suggests that the phosphorylation of tau pro-556

tein at Thr231, associated with the conformational557

change, may be facilitated in maintaining the individ-558

uality of the chromosomes at the time of cell division.559

Furthermore, no colocalization was observed with560

tubulin in the mitotic spindle. Stronger immunoreac-561

tivity of TG-3 was observed in the metaphase when562

the chromosomes are condensed at the equator. This563

is consistent with previous studies in which the pres-564

ence of phosphoepitopes, such as TG-3, appear just565

prior to the prophase with maximal expression dur-566

ing metaphase [52]. In AD, the TG-3 epitope has been567

associated with early events of tau protein aggrega- 568

tion (pre-NFT) prior to the formation of paired helical 569

filaments [53, 54]. Antibody AD2 (which requires 570

phosphorylation of amino acids serine at positions 571

396 and serine 404) showed a granular staining in 572

the cytoplasm of quiescent cells. The immunoreac- 573

tivity detected with this antibody increases as does 574

that of the pT231 and TG-3 antibodies in dividing 575

cells. A specific feature of the AD2 antibody is that 576

its immunoreactivity is increased between the mitotic 577

spindles during the separation, at anaphase, of the sis- 578

ter chromatids toward the poles of the cell. Thus, tau 579

might function in the movement and separation of the 580

sister chromatids towards their corresponding centro- 581

somes. Our study has revealed that three tau epitopes 582

are involved in the cell cycle in SH-SY5Y cells: 583

pT231, TG-3, and AD2. The appearance of reactiv- 584

ity to these antibodies at different stages of mitosis, 585

suggest that multiple functions for tau may depend 586

on both the nature of the epitopes exposed and on the 587

stage of the cell cycle at which they are found. The 588

phosphorylation of tau at Thr-231 favors a possible 589

protection and coordination of chromosomes; TG-3 590
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possibly keep the individuality of the chromosomes591

and AD2 is involved in the movement and separation592

of the chromatids toward the poles.593

Further functions for tau may be involved in the594

differentiation of neurons. Tau protein was preferen-595

tially expressed in cytoplasmic extensions although,596

for some cells, tau remained in the nucleus. These597

observations suggest that the translocation of tau598

from the nucleus to the cytoplasm during the tran-599

sition from the undifferentiated to the differentiated600

state may be part of this cellular programming [17].601

Previous studies have described the localization of602

phosphorylated tau protein in LA-N-5 cells, where603

tau protein was observed in both the cytoplasm and604

nucleus. Immunofluorescent staining showed that605

nuclear tau protein is preferentially located in the606

nucleolus; Greenwood JA et al. revealed that 16%607

of the total tau protein is located in the nucleus,608

since tau phosphorylation is observed in the cyto-609

plasm prior to its translocation to the nucleus [45].610

So far, no function has been associated with this611

form of nuclear tau. However, other investigators612

have proposed mechanisms for tau protecting DNA613

in heat-stressed neurons [55]. Our results showed that614

tau phosphorylated at Thr-231 was found in the cyto-615

plasm when cells were exposed to staurosporine, an616

inducer of apoptosis. Previous studies have shown617

that overexpression of phospho-tau inhibits apoptosis618

[46, 56] and, in contrast, its dephosphorylated form619

potentiates apoptosis [57].620

The study of tau protein has been based on its phys-621

iological processing involved in its association and622

stability of microtubules and its pathological modi-623

fications associated with neurodegenerative diseases.624

A better understanding of the location and function of625

tau protein within the nucleus is required. The pres-626

ence of tau protein in the nucleus and in the nucleolus627

suggests that it could be involved in the protection of628

the genome. However, the nature of their transloca-629

tion to the nucleus, conformation and interaction of630

tau protein with DNA and other nuclear proteins sug-631

gests that it could play multiple functions. Our results632

have shown that the expression of tau protein in633

intranuclear dots colocalized with immunoreactivity634

to an antibody raised against the SC35 protein, a pro-635

tein involved in the inclusion of the fourth repeated636

domain of tau. However, SC35 functions inside the637

nucleus and is reported as the only one of the SR638

proteins involved in RNA splicing that remains in639

the nucleus. Previous studies have co-precipitated the640

pre-mRNA with SC35, suggesting that SC35 acts on641

the exonic splicing enhancer for the inclusion of tau642

exon 10. It has been suggested that, in AD, the dereg- 643

ulation of tau exon 10 through SC35 associated with 644

other splice factors favors an uneven expression of 645

the 3 R and 4 R tau isoforms that could initiate or 646

potentiate tau pathology by triggering neurofibrillary 647

degeneration [58]. This would be consistent with our 648

findings in which apoptosis in the SH-SY5Y cells 649

were induced with staurosporine. We observed a mor- 650

phological change in the cells in which cytoplasmic 651

extensions were formed and also observed that SC35 652

was found not only in the nucleus but also in the 653

cytoplasm. In addition, it has been observed that stau- 654

rosporine is involved in neurite outgrowth [59]. The 655

SC35 analysis carried out in dividing neuroblastoma 656

cells. It would be of interest to examine the expres- 657

sion of SC35 and tau protein in differentiated cell and 658

in primary neuronal cultures 659

Our findings suggest that the presence of a spe- 660

cific tau protein conformation, detected by AD2, 661

is involved in the separation of sister chromatid in 662

anaphase, and that other phospho-tau forms main- 663

tain the integrity of DNA in prophase (pT231) and 664

chromosomes during cell division (TG-3). Further 665

investigations may identify other subtle changes in 666

functions for the protein in the nucleus. 667

Nuclear tau in AD 668

In spite of being an abundant tau protein in the 669

brain, it is difficult to visualize tau in the axon and 670

its visualization in the nucleus is even more compli- 671

cated. The presence of tau in the nucleus has been 672

associated with protection mechanisms against DNA 673

damage. It is suggested that the tau protein could be 674

protecting the DNA against the changes that happen 675

in the neuronal soma due to the massive accumula- 676

tion of this protein. In AD brain, phospho-tau protein 677

is expressed in a diffuse granular form in the cyto- 678

plasm in the first stages of aggregation (preNFT). It 679

is important to emphasize that this protein has been 680

commonly observed in the perinuclear zone. The anti- 681

body (pS404) that recognizes tau phosphorylated at 682

amino acid serine 404 was observed to label both 683

NFTs and intranuclear staining. A series of dense 684

specks were observed within the nucleus. Not all anti- 685

bodies showed an affinity for intranuclear tau. This 686

is possibly due to the fixation methods and/or pro- 687

teins to which tau is associated within the nucleus. 688

When the hippocampal sections were treated with 689

Pronase and formic acid, abundant immunoreactivity 690

was observed with the Alz50 antibody within the neu- 691

ronal nucleus. These observations were corroborated 692
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by immuno-gold staining where tau-reactive particles693

were observed abundantly in the heterochromatin and694

in the nucleolus.695

More evidence is needed to determine the possible696

protective effect of tau protein in AD as a conse-697

quence of its extensive accumulation in the neuronal698

soma; or instead, it is possible participation in an699

inflammatory process that favors the accumulation of700

extracellular deposits of amyloid beta peptide. More701

studies are needed to fully understand the activity or702

participation of tau protein in the nucleus.

703
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