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The HIV-1 transactivator protein Tat is implicated in the neu-
ronal damage that contributes to neurocognitive impairment
affecting people living with HIV/AIDS. Aberrant splicing of
TAU exon 10 results in tauopathies characterized by alterations
in the proportion of TAU isoforms containing three (3R) or four
(4R) microtubule-binding repeats. The splicing factor SC35/
SRSF2 binds to nuclear RNA and facilitates the incorporation of
exon 10 in the TAU molecule. Here, we utilized clinical samples,
an animal model, and neuronal cell cultures and found that Tat
promotes TAU 3R up-regulation through increased levels of phos-
phorylated SC35, which is retained in nuclear speckles. This
mechanism involved Tat-mediated increased expression of
DYRK1A and was prevented by DYRK1A silencing. In addition,
we found that Tat associates with TAU RNA, further demon-
strating that Tat interferes with host RNA metabolism in the
absence of viral infection. Altogether, our data unravel a novel
mechanism of Tat-mediated neuronal toxicity through dysregu-
lation of the SC35-dependent alternative splicing of TAU exon
10. Furthermore, the increased immunostaining of DYRK1A in
HIV� brains without pathology points at dysregulation of
DYRK1A as an early event in the neuronal complications of HIV
infection.

Neuro-inflammation and cognitive impairment caused by
HIV-1 infection persist despite the use of antiretroviral thera-
pies (1, 2), and importantly, these therapies do not limit the
amount of HIV Tat in the brain (3, 4) where it contributes to
chronic immune activation (4). Therefore, knowledge of how
Tat contributes to neuronal dysfunction, ultimately leading to
cognitive impairment, may have implications both for under-
standing the pathophysiology of HIV-associated neurocogni-
tive disorders and for devising better-targeted therapies.

The microtubule-associated protein TAU is highly involved
in stabilizing neuronal cytoskeletal structures to promote
axonal and synaptic maintenance and to ensure physiological
vesicular and protein transport. A phenotypic trademark of
TAU is its differential ability to polymerize and stabilize micro-
tubules (5), which depends on the availability of different TAU
isoforms produced as a result of alternative splicing (6, 7). The
human TAU gene undergoes alternative splicing of exons 2, 3,
and 10, forming six different isoforms, in which exon 10 is
responsible for providing one of the four microtubule-binding
domains (MTBDs)2 at the C terminus. Therefore, inclusion of
exon 10 generates TAU proteins with four MTBDs (Tau 4R),
although its exclusion results in three MTBDs (TAU 3R)
(8 –10). In this respect, the major form of TAU in fetal human
and mouse brains is a TAU 3R isoform lacking all three alter-
native exons, called fetal TAU, whereas TAU 3R and Tau 4R are
thought to be equally represented in the normal adult brain (9).
There are multiple different neurodegenerative diseases in
which TAU abnormalities have been reported. For example,
abundant TAU aggregates are trademarks of Alzheimer disease
(11, 12). In addition, prominent Tau inclusions with altered
TAU 3R:4R ratios have been detected in corticobasal degener-
ation, frontotemporal dementia with parkinsonism-type 17
(FTDP-17), Down syndrome, Pick disease, progressive sup-
ranuclear palsy, and Niemann-Pick disease (7, 8, 13–15).

The SC35 protein belongs to the family of splicing factors
that have a serine/arginine (SR)-rich C-terminal domain that
undergoes dynamic phosphorylation changes. Dephosphoryla-
tion and phosphorylation cycles are thought to determine the
subcellular localization of SR proteins and mediate protein-
protein interactions required for the assembly of the spliceo-
some, RNA splicing, and mRNA export (16 –18). Importantly,
SC35 has been shown to bind TAU exon 10, stabilize Tau
mRNA, and promote the expression of TAU 4R (19, 20), inhib-
iting the formation of exon 10-spliced 3R isoforms. Altered
TAU 3R:4R ratios can result from either silent mutations on
cis-elements (e.g. FTDP-17) or by aberrant phosphorylation of
splicing factors, such as SC35, resulting from the activity of
kinases including the dual-specificity tyrosine phosphoryla-
tion-regulated kinase 1A (DYRK1A) (21–24) and glycogen syn-
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thase kinase-3� (GSK-3�) (25–30). The dyrk1a gene is located
on the Down syndrome critical region of chromosome 21
(21q22.2) (31). Because YRK1A is constitutively activated by
autophosphorylation during translation, the activity of this pro-
tein is dependent on the dosage. Increased expression of
DYRK1A has been implicated in learning deficits in Down syn-
drome and other neurological disorders, as well as in impaired
synaptic plasticity (32–38).

Although aberrant splicing of TAU has been involved in mul-
tiple neurodegenerative disorders (7), to the best of our knowl-
edge there are no reports of TAU exon 10 aberrant splicing in
HIV-associated neurocognitive disorders. In this study, we
investigated whether Tat alters the normal structure and orga-
nization of SC35 nuclear speckle domains, thereby affecting
TAU exon 10 alternative splicing. We report increased phos-
phorylation of SC35 and altered Tau 3R:4R ratios in brain tis-
sues from individuals with HIV-encephalitis, in an inducible
Tat-transgenic mouse model and in neuronal cell cultures. In
vitrostudiesfurtherconfirmedtheabilityofTattoimpairSC35-de-
pendent TAU exon 10 inclusion through a mechanism that
involves up-regulation of DYRK1A and association of Tat with
TAU RNA. Finally, we found increased levels of DYRK1A in
HIV� cases without brain pathology, indicating that up-regu-
lation of this kinase could be an early event in the neurological
dysfunction associated with HIV infection.

Experimental Procedures

Primary Cells and Cell Lines—Mouse cortical neurons were
isolated from CD1 mice (Charles River Laboratories) at the
embryonic day 17 and cultured as described previously (39, 40).
SH-SY5Y and HEK-293T (293T) cells were obtained from
American Type Culture Collection (ATCC, Manassas, VA) and
maintained under standard growth conditions. All cells were
incubated at 37 °C (5% CO2).

Doxycycline-inducible Tat Transgenic Mouse Model—The
adult transgenic mouse model, in which a tetracycline “on” bi-
transgenic system permits expression of Tat(1– 86) (IIIB) in
astrocytes, has been previously described (41, 42). In brief,
doxycycline was administered to both Tat� and Tat� mice
through a specially formulated chow (Harlan Labs, Indianapo-
lis, IN, 6 mg/kg) for 8 days, followed by the extraction of spec-
ified brain structures and storage at �80 °C. Administration of
doxycycline to the Tat mouse (which express the reverse tetra-
cycline transactivator RTTA but not the tat gene) controls for
any nonspecific actions of doxycycline ingestion (41). Experi-
ments involving the Tat-tg mice were performed at the Virginia
Commonwealth University, and snap-frozen brain samples
were shipped to Louisiana State University Health Sciences
Center for further analysis.

Plasmids, siRNAs, and Recombinant Tat—PCI/SI9-SI10 con-
taining TAU exons 9 –21, and part of introns 9 and 10, was a
kind gift from Dr. Fei Liu (New York State Institute for Basic
Research in Developmental Disabilities, Staten Island, NY).
Plasmids containing full-length Tat (Tat101) were previously
described (39, 43) and used at a 0.2 �g/ml concentration.
Human wild-type SC35 sequence (NM_003016.4) was cloned
into pcDNA 3.1� vector by PCR amplification from a human
cDNA library to generate pcDNA3.1/SC35. The primers for the

PCR contained KpnI and EcoRI restriction sites (shown
with underlines) and were as follows: forward 5�-GGGGTAC-
CACTCAGAGCTATGAGCTACGG-3� and reverse 5�-GGA-
ATTCTTAAGAGGACACCGCTCCT-3�. A pool of human
DYRK1A siRNAs and scrambled siRNAs was obtained from
Santa Cruz Biotechnology (Santa Cruz, CA) and used at a con-
centration of 50 nM. Recombinant HIV-Tat-101 protein was
purchased from ImmunoDX, LLC (Woburn, MA), and used at
100 nM concentrations. Recombinant Tat was diluted in a
saline/phosphate buffer (150 mM NaCl, 50 mM sodium phos-
phate, pH 6.5) as recommended by ImmunoDX immediately
before the treatment of the cells. The same amount of saline
solution served as control.

For transfection, 293T and SH-SY5Y cells were seeded at a
density of 5 � 104 cells/cm2 and 1 � 105 cells/cm2, respectively.
Cells were transfected using Lipofectamine 2000 (Life Technol-
ogies, Inc.) according to the manufacturer’s instructions.

Western Blots and Antibodies—Cultured cells were collected
by gently scraping in the presence of cold PBS containing 1 mM

of PMSF (Sigma) and 1 mM sodium orthovanadate, followed by
centrifugation and disruption of the cell pellet in a lysis buffer
(50 mM Hepes, pH 7.5, 150 mM NaCl, 1.5 mM MgCl2, 1 mM

EGTA, pH 8.4, 10% glycerol, 1% Triton X-100) containing 1
mM protease inhibitor mixture (Sigma), 1 mM PMSF (Sigma), 1
mM phosphatase inhibitor (Sigma), and 1 mM sodium
orthovanadate. Whole-cell lysates (50 �g) were denatured in
1� Laemmli buffer, boiled, and electrophoresed on a 4 –15%
SDS-polyacrylamide gel (Bio-Rad) before being transferred to a
0.2-�m nitrocellulose membrane (Bio-Rad) using the Trans-
Blot TURBOTM apparatus (Bio-Rad). Mouse anti-SC35 (1SC-
4F11), mouse anti-TAU RD3 (8E6/C11), and mouse anti-TAU
RD4 (1E1/A6) were obtained from Millipore (Temecula, CA).
Rabbit anti-Tat antibodies were obtained from ImmunoDX,
LLC (Woburn, MA). Anti-Myc tag (71D10), anti-phospho-
GSK-3�/� (Ser-21/9), anti-total GSK-3�, and anti-DYRK1A
antibodies were obtained from Cell Signaling Technology (Bev-
erly, MA), and the anti-14-3-3� was purchased from Santa Cruz
Biotechnology (Dallas, TX). All antibodies were used at a
1:1000 dilution except anti-TAU RD4 (1:2000). Recombinant
TAU protein ladder from Sigma was utilized as a marker for
TAU isoforms. Quantification of the bands detected by West-
ern blots was performed using ImageJ software (National Insti-
tutes of Health, Bethesda, MD).

TAU Exon 10 Quantification by RT-PCR—RNA was isolated
using the RNeasy mini kit from Qiagen (Valencia, CA). One �g
of total RNA was subjected to first-strand cDNA synthesis
using the high capacity cDNA reverse transcription kit (Life
Technologies, Inc.). Multiplex RT-PCR was performed using
PCR master mix 2� (Thermo Scientific, Pittsburgh, PA) to
amplify the minigene transcripts (E10� and E10�) from cells
transfected with pCI/SI9-SI10. The same PCR mix contained
primers specific for the hypoxanthine-guanine phosphoribo-
syltransferase (HPRT) for semi-quantification purposes. The
primers for PCR were as follows: TAU forward 5�-GGTGTCC-
ACTCCCAGTTCAA-3� and TAU reverse 5�-CCCTGGT-
TTATGATGGATGTTGCCTAATGAG-3�; HPRT forward
5�-TCGAGATGTGATGAAGGAGATGGG-3� and HPRT re-
verse 5�-GATGTAATCCAGCAGGTCAGCAAAG-3�. PCR
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cycling conditions were set as follows: denaturation for 2 min at
95 °C, followed by 25 cycles of denaturation for 30 s at 95 °C,
annealing for 30 s at 55 °C, and polymerization for 45 s at 72 °C,
and a final extension for 5 min at 72 °C. TAU and HPRT tran-
scripts were resolved on 1.8% agarose gel, visualized using
G:Box (Syngene, Frederick, MD), and quantified with ImageJ
software (National Institutes of Health).

Quantitative RT-PCR to Detect Levels of REST and DYRK1A—
Total RNA was isolated as described previously. RNA was
reverse-transcribed using the High Capacity cDNA reverse
transcription kit (Applied Biosystems, Carlsbad, CA). Quanti-
tative real time PCR was performed in duplicate using a Light-
Cycler 480 Real Time PCR System (Roche Applied Science).
Human and mouse primer sets specific for REST, DYRK1A, and
�-actin were purchased from Life Technologies, Inc. Each sam-
ple was normalized using �-actin (�Ct), and relative quantifi-
cation of gene expression was calculated using the comparative
Ct method (2���Ct).

In Vitro Dephosphorylation of SC35 by Alkaline Phos-
phatase—Cellular lysates were collected as described previ-
ously with the exception that the lysis buffer did not contain
phosphatase inhibitors and sodium orthovanadate. Lysates (30
�g) were incubated with or without calf intestinal alkaline
phosphatase at the concentration of 1 unit/�g of protein in
CutSmart buffer, both obtained from New England Biolabs
(Ipswich, MA). The reaction was supplemented with 1 mM pro-
tease inhibitor mixture and PMSF and incubated for 30 min at
37 °C. The samples were denatured in 1� Laemmli buffer and
processed for Western blot analysis as described above.

Immunohistochemistry—Samples from four cases each of
formalin-fixed, paraffin-embedded (FFPE) HIV-encephalopa-
thy, HIV-negative, and controls were collected from the HIV
Manhattan Brain Bank at Mount Sinai Medical School. FFPE
tissue samples were sectioned at 4 – 6-�m thickness and placed
on positively charged glass slides. Hematoxylin and eosin stain-
ing was performed for routine histological evaluation. Immu-
nohistochemistry was performed using the avidin-biotin-per-
oxidase complex system Vectastain (Vector Laboratories,
Burlingame, CA). Our modified protocol includes paraffin
melting at 58 °C for 40 min, deparaffination in xylene, and rehy-
dration through descending grades of ethanol (100, 85, and
70%). For non-enzymatic antigen retrieval, sections were
heated in 0.01 M sodium citrate buffer, pH 6.0, at 95 °C for 30
min in a vacuum oven. After cooling, the slides were rinsed in
PBS and then incubated for 20 min in 6% H2O2 in methanol to
quench endogenous peroxidases. Sections were then washed
with PBS and blocked with 5% normal horse serum (for mouse
monoclonal antibodies) in 0.1% PBS/BSA for 2 h at room tem-
perature. Consecutive sections were incubated overnight at
room temperature in a humidified chamber with either anti-
Tau RD3 (1:200 dilution) or anti-Tau RD4 (1:200) (Millipore,
Temecula, CA). Anti-DYRK1A (1:200) was from Santa Cruz
Biotechnology. The next day, slides were rinsed with PBS and
then incubated with biotinylated secondary anti-mouse in 0.1%
PBS/BSA for 1 h at room temperature (1:200 dilution). Sections
were then incubated with avidin-biotin-peroxidase complexes
for 60 min at room temperature, rinsed with PBS, and devel-
oped with diaminobenzidine (Sigma) for 3–5 min. Slides were

then counterstained with hematoxylin and mounted with Per-
mount (Fisher).

Indirect Immunofluorescence—Cells were washed twice with
PBS and fixed with 10% ultrapure EM grade formaldehyde
(Polysciences, Warrington, PA) for 15 min at room tempera-
ture. After two washes with PBS, the slides were incubated in
�20 °C acetone for 5 min and subsequently washed with PBS.
The slides were blocked in 5% normal goat serum (Pierce) in
PBS, followed by primary antibody incubation diluted in 5%
normal goat serum in PBS overnight at 4 °C. The next day, the
cells were rinsed in PBS and incubated with the appropriate
Alexa Fluor secondary antibody conjugated to a fluorophore
(1:1000 dilution) in 1% normal goat serum. Finally, the slides
were rinsed with PBS twice and mounted with ProLong Gold
Antifade Reagent with DAPI (Invitrogen). Phospho-SC35 anti-
body (clone: �SC35; 1:400 dilution) was obtained from BD Bio-
sciences (San Jose, CA). MAP2 antibody (1:400) was from
GeneTex, San Antonio, TX. Anti-DYRK1A (1:200 dilution) and
anti-Myc tag (1:200) antibodies were obtained from Cell Signal-
ing Technology (Beverly, MA). For immunofluorescence on
FFPE tissues, sections were prepared according to immunohis-
tochemistry protocol. After blocking with 5% normal goat
serum in PBS for 1 h at room temperature, immunofluores-
cence was carried out as described above with phospho-SC35
(1:200 dilution) and Tat (ImmunoDX, Woburn, MA; 1:200
dilution) antibodies. Images were acquired using an Olympus
FLUOVIEW confocal laser scanning microscope (FV 1000)
equipped with FV10-ASW software (version 4.0, Olympus). For
subsequent three-dimensional rendering and mask/quantifica-
tion analysis, SlideBook5 acquisition/deconvolution software
(Intelligent Imaging Innovations, Inc., Denver, CO) was uti-
lized. For purposes of three-dimensional representations,
images were stacked and surface-rendered. Quantification of
fluorescent filters, both in the nucleus and cytoplasm, were per-
formed by utilizing Mask analysis included in SlideBook5 soft-
ware according to the manufacturer’s recommendation and
presented as area (pixels) per nucleus.

RNA-binding Protein Immunoprecipitation—The RNA-
binding protein immunoprecipitation Tat-IP was performed
essentially as described previously (44). Briefly, cells were lysed
in a lysis buffer consisting of 150 mM KCl, 25 mM Tris-HCl, pH
7.4, 5 mM EDTA, 0.5% Nonidet P-40, and 5 mM DTT and sup-
plemented with 10 mM protease inhibitor mixture, 10 mM

PMSF, 10 mM phosphatase inhibitor, 10 mM Na3VO4, and 100
units/ml RNase inhibitor (Applied Biosystems, Carlsbad, CA).
For the immunoprecipitation, 30 �l of protein A/G magnetic
beads (Pierce) were washed three times with a blocking solution
(0.5% BSA dissolved in DPBS�/�) and incubated for 2 h at 4 °C
with 3 �g of anti-Tat mouse monoclonal IgG1� (ImmunoDX,
LLC) or with isotype IgG1� control antibodies (Millipore,
Temecula, CA). The immune complexes were washed three
times with blocking solution before adding 500 �g of proteins
diluted in 500 �l of IP buffer (150 mM KCl, 25 mM Tris-HCl, pH
7.4, 5 mM EDTA, 0.5% Nonidet P-40, and 5 mM DTT) supple-
mented with protein, phosphatase, and RNase inhibitors as
outlined previously. Immunoprecipitations with specific
lysates were carried out at 4 °C overnight. The next day, the
protein-immune complexes were washed three times with an
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IP buffer supplemented with the inhibitors. After the last wash,
the protein-immune complexes were resuspended in 20 �l of IP
buffer, of which 10 �l were used for the RNA extraction and
10 �l for Western blot analysis. RNA extraction from the
beads was followed by reverse transcription and RT-PCR, as
described above.

Statistical Analysis—Data are presented as mean � S.D.
Comparison between two experimental groups was performed
using the Student’s t test. One-way analysis of variance was used
to compare three or more groups. p values �0.05 were consid-
ered statistically significant. In all figures showing densitomet-
ric analysis, experiments were performed three times, and rep-
resentative images are shown.

Ethics Statement—All of the procedures described that
involved isolation and culture of embryonic primary neurons
from experimental animals were performed under a protocol
approved by the Louisiana State University Health Sciences
Center-New Orleans Institutional Animal Care and Use Com-
mittee (IACUC), in accordance with the Animal Welfare Act
and all other federal and state regulations. Procedures that
involved the Tat-tg mice were performed under the Virginia
Commonwealth University Institutional Animal Care and Use
Committee.

The archived adult human brain tissues used in this study
(four cases each of controls, HIV�, and HIVE) were collected
from the HIV Manhattan Brain Bank at Mount Sinai Medical
School and have been previously described (39, 45).

Results

TAU 3R Isoforms Are Increased and SC35 Is Dysregulated in
Human Frontal Cortex with HIV-Encephalitis—Because dys-
regulation of the TAU 3R:4R ratios is highly correlative with
many neurodegenerative diseases (9), we investigated the
expression of TAU 3R and 4R in brain samples from HIV�
patients with encephalitis (HIVE, n � 4) and controls (HIV�
and HIV� patients without brain pathology; n � 4 each group).
Immunohistochemical analysis of FFPE sections labeled with
anti-TAU RD3 (3R)- and anti-TAU RD4 (4R)-specific antibod-
ies (Fig. 1, A and B, respectively) revealed TAU 3R to be prefer-
entially increased in HIV-encephalitis (HIVE) cases in respect
to controls, although the increase in 4R was less apparent
because controls demonstrated relatively high levels of this
splicing variant. The TAU 3R and 4R histology grading is
reported in Fig. 1C, suggesting possible differences in the
expression of 3R and 4R, which may derive from alteration in
TAU exon 10 splicing, a process that involves the activity of
the SR splicing factor SC35 (19, 20). We next determined the
expression pattern of SC35 in the same brain samples, the
results of which are shown in Fig. 1D. Representative three-
dimensional confocal images (Fig. 1D) indicate a strong up-reg-
ulation in phospho-SC35 (green) in neurons from HIVE cases as
compared with neurons from normal brains. The red arrows in
Fig. 1F indicate an abnormal cytoplasmic localization of phos-
pho-SC35, which can be observed sporadically in HIVE cases
and is not present in controls. It is noteworthy that available
SC35 antibody, which is used for immunofluorescence, recog-
nizes a nuclear speckle-specific phosphorylated form of this
protein. Quantitatively, phospho-SC35 was 3.5-fold higher in

the neuronal nuclei of HIVE cases compared with the control
(Fig. 1E). Altogether, these data indicate increased levels of
phospho-SC35 and increased TAU 3R isoforms in HIVE brain
tissues as compared with controls.

Because Tat immunohistochemistry data demonstrated high
accumulation of Tat in areas of inflammation in HIVE cases
compared with areas without inflammation or HIV-negative
brain tissues (39), we asked whether increased phosphorylation
of SC35 was associated with the presence of Tat. Fig. 2 shows
representative confocal images (�100) of consecutive sections
of brain tissue samples used in Fig. 1 that were subjected to
immunofluorescence using anti-Tat and anti-phospho-SC35
antibodies. In general, Tat was not detectable in HIV� brain
tissues in the absence of inflammation and/or brain pathology;
however, in areas of inflammation, the cells most robustly
labeled with anti-Tat antibodies (in red) were neurons com-
pared with astrocytes and microglia (Fig. 1), as reported previ-
ously (39, 46). Conversely, phospho-SC35 (in green) was
detected in all cell types. In controls and in HIVE (�Tat) the
pattern of phospho-SC35 appeared punctate and normal. Strik-
ingly, neurons with the strongest Tat labeling (HIVE (�Tat))
also had the greatest amount of phospho-SC35 immunoreac-
tivity. In addition to losing the typical nucleus-speckled pattern,
phospho-SC35 appeared in the cytoplasm of Tat-positive cells.
Quantification of nuclear phospho-SC35 further confirmed a
3-fold increase (p � 0.05) in neurons positive for Tat (Fig. 2B).

Tat Dysregulates SC35 in Primary Neuronal Cultures—To
investigate the molecular mechanisms by which Tat affects the
SC35 splicing factor, we utilized several cellular models. First,
we utilized embryonic neurons isolated from E17 mice (“Exper-
imental Procedures”). After 5 days in vitro (DIV5), neurons
were treated with 100 nM recombinant Tat (rTat101, 101 amino
acids) for 48 h, and immunofluorescent microscopy was per-
formed to characterize the distribution of phospho-SC35. Dou-
ble labeling with anti-MAP-2 (microtubule-associated protein
2) served as a marker for both neuronal processes and for Tat-
mediated neuronal toxicity, as we reported previously (39). In
fact, neurons treated with Tat show a discontinuous pattern of
MAP-2 labeling as compared with healthy neurons (Fig. 3A,
arrowheads). Results in Fig. 3A show a punctate nuclear pattern
of SC35 distribution in untreated neurons, as reported previ-
ously in multiple cell types, and in neurons treated with Tat, the
pattern appears less organized and/or levels of phospho-SC35
are increased. To our surprise, we also observed the cytoplas-
mic presence of phospho-SC35 in response to Tat (Fig. 3A,
white arrows), a pattern usually associated with cell division
(47). Densitometric analysis of the nuclear and cytoplasmic
areas labeled with anti-SC35 antibody was performed on five
fields from two independent experiments and confirmed the
increased staining in Tat-treated cells (Fig. 3B). Efficient Tat
uptake was also evaluated after 24 h of Tat treatment (Fig. 3C)
and confirmed our previous reports (39, 43). Using the same
experimental conditions, we have evaluated levels of SC35 pro-
tein by Western blotting on lysates obtained from two experi-
ments, which confirmed an increase in phospho-SC35 in
response to Tat treatment (Fig. 3B). Interestingly, the SC35
band was detected at the level of 42 kDa instead of the predicted
35 kDa. This discrepancy in the migration pattern could be
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explained by the high content of serine residues, which, when
phosphorylated, are known to cause retardation in gel mobility.
To test this interpretation of the obtained results, we treated
neuronal lysates (extracted without addition of phosphatase
inhibitors in the lysis buffer) with calf-intestinal alkaline phos-
phatase for 30 min. We found that the immunoreactivity asso-
ciated with the 42-kDa band was lost after treatment with alka-
line phosphatase as compared with lysates not treated with
alkaline phosphatase (Fig. 3C, top panel). We have repeated
these experiments in SH-SY5Y and 293T cells transfected with
Tat, and we obtained similar results (Fig. 3E, middle and bottom
panels, respectively). Our results indicate that Tat affects SC35
subcellular localization and increases SC35 phosphorylation.

Tat Promotes Tau 3R Expression in Tat-tg Mouse Model and
in Cultured Neuronal Cells—Because SC35 participates in the
TAU exon 10 splicing (9, 19, 20), we asked whether Tat-medi-

ated dysregulation of phospho-SC35 would affect Tau exon 10
splicing using a Tat-inducible transgenic mouse model (41, 48,
49). First, we determined the expression levels of Tau 3R and 4R
isoforms in adult mice in which Tat expression is induced in the
brain. To induce Tat expression in astroglial cells, doxycycline
was administered as described under “Experimental Proce-
dures.” We utilized frozen tissues from seven different areas of
the brain (hippocampus, striatum, prefrontal cortex (PFC), cor-
tex minus PFC, cerebellum, forebrain, and brainstem) taken
from control Tat (Tat�) (n � 7) and Tat� mice (n � 7). Alter-
native splicing of Tau exons 2, 3, and 10 results in six combina-
torial isoforms, which can be further divided into two catego-
ries depending on the exclusion or inclusion of exon 10 (Tau 3R
and 4R, respectively), as represented in the schematic picture
(Fig. 4A). Western blot analysis was performed with protein
extracts isolated from all the brain areas at the indicated condi-

FIGURE 1. Expression pattern of Tau 3R and 4R and phosphorylation status of SC35 are altered in HIV brain tissues. A and B, immunohistochemistry
analyses to detect changes in TAU 3R (RD3) and TAU 4R (RD4) isoforms in archived brain tissues of HIV� without brain pathology, HIVE, and controls (n �
4/group). C, table indicates the intensity of TAU 3R (A) and 4R (B) immunostaining grading, using a scale in which 1� and 4� represent the lowest and the
highest intensity, respectively. D, three-dimensional imaging of neuronal nuclei (blue) from FFPE human brain samples to detect phospho-SC35 (green). E,
quantification of phospho-SC35, measured as area of pixels per nucleus, obtained from five different fields in control (Ctrl) and HIVE cases. The asterisk indicates
p � 0.05. F, confocal images showing P-SC35 (green) neuronal nuclei in control and HIVE brain tissue. Red arrows indicate cytoplasmic P-SC35.
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tions. In general, different areas of the brain expressed different
levels of Tau-splicing variants and the effects of Tat varied from
modest to severe. Fig. 4B shows representative results from the
hippocampus and cortical areas minus PFC, as determined in
two mice per group, Tat� (M1 and M2) and Tat� (M3 and M4).
The Tau ladder was used to identify all six Tau isoforms. The
most significant response to Tat is observed for the Tau 0N 3R
(fetal Tau), which is highly increased in Tat� mice in lieu of
either the 1N 3R (hippocampus), or the Tau 4R (cortex minus
PFC) isoforms. This latter effect is particularly evident in the
cortex minus PFC, in which expression of all three Tau 3R pro-
teins is up-regulated by Tat and parallels a significant down-
regulation of Tau 4R. Of interest, in the prefrontal cortex, 0N
3R and 1N 4R were the predominant Tau isoforms detected,
although some of the other six Tau variants were undetectable
(Fig. 4C). Nevertheless, there was an increase in Tau 3R with a
concomitant down-regulation of Tau 4R in PFC areas express-
ing Tat. The Tat-mediated increase in Tau 3R was additionally
observed in the striatum, cerebellum, and forebrain structures
(data not shown).

Next, we determined expression levels of Tau 3R and 4R
isoforms in mouse embryonic primary neurons. DIV7 neuronal
cultures were incubated with 100 nM recombinant Tat for 24
and 48 h, and expression levels of Tau 3R and 4R isoforms were
determined by Western blotting (Fig. 5A). The levels of Tau 3R
increased over time in control untreated cells. In Tat-treated
neuronal cultures, Tau 3R isoforms were significantly higher in
comparison with the control at 24 h, and this Tat-induced

increase in Tau 3R splicing variant continued at 48 h. In con-
trast, we observed a slight decrease in the 4R isoform in the
Tat-treated sample at 24 h and no difference at 48 h (Fig. 5A,
middle panel). These highly significant changes in Tau 3R levels
and only small changes in 4R contributed to the significant
change of the Tau 3R:4R ratio induced by Tat. It is important to
emphasize that human and mouse embryonic neurons express
mainly the Tau 0N 3R isoform, which is also called fetal Tau.
However, once the neurons are allowed to differentiate in vitro,
the Tau 4R may also be detectable by Western blot by loading at
least 70 �g of protein extracts (Fig. 5A). We have also confirmed
Tat-induced Tau 3R expression in undifferentiated human
SH-SY5Y cells treated with two different concentrations of
recombinant Tat for 48 h. The reason for choosing undifferen-
tiated cells for this experiment is because the treatments that
induce differentiation in SH-SY5Y cells (retinoic acid followed
by BDNF) robustly increase expression of Tau 3R (50, 51), pre-
venting the detection of a further increase eventually due to
Tat. Similarly to mouse primary neurons and Tat-tg mice, Tat
treatment in SH-SY5Y cells resulted in the up-regulation of Tau
3R 0N (Fig. 5C).

Tat Promotes Aberrant Splicing of TAU Exon 10 —To eluci-
date the role of Tat in the splicing of TAU exon 10, we used a
TAU minigene, pCI/SI9-SI10 (20, 52). The TAU minigene con-
sists of exons 9 –11 and their corresponding partial introns that
contain the necessary elements required for correct splicing
(Fig. 6A). Inclusion (E10�) and exclusion (E10�) of exon 10 in
the pre-mRNA transcript was RT-PCR-amplified and detected

FIGURE 2. Co-expression of Tat and SC35 in HIVE. A, representative images to detect Tat (red) and phospho-SC35 antibodies (green) in FFPE tissue samples
from controls (Ctrl) and HIVE cases. Areas with intense (�Tat) or background (�Tat) Tat immunolabeling can be found in HIVE cases and parallel a strong or
normal phospho-SC35 immunolabeling pattern, respectively. Arrows indicate neuronal nuclei. B, diagram showing quantification analysis of nuclear phospho-
SC35 in the indicated samples obtained from three experiments. The three asterisks show statistical significance between groups (p � 0.001).
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on a 1.8% agarose gel as two bands of 513 and 420 bp, respec-
tively. First, to check the function of SC35 on the TAU exon 10
splicing, 293T cells were co-transfected with the TAU mini-
gene, and increasing concentrations of pcDNA3.1-SC35
(pSC35) and total RNA were used to set up a multiplex RT-PCR
to detect TAU exon 10 inclusion/exclusion (primers are indi-
cated as arrows in Fig. 6A) and HPRT for normalization. The
results in Fig. 6B show that in control cells the band corre-
sponding to the exclusion of exon 10 (E10�) is more visible
than the one corresponding to exon 10 inclusion (E10�). This
is in line with previous reports (19, 20) and with the fact that
TAU exon 10 is naturally spliced out unless it is retained by
alternative splicing. The ectopic expression of SC35 promoted
inclusion of exon 10 in our system when the level of SC35
expression was relatively low (0.01 �g/ml). Gross overexpres-
sion of SC35 was achieved in the presence of 0.2 and 0.4 �g/ml

plasmid DNA, and although it did not affect the E10�/E10�
ratio, it partially attenuated both transcripts, as reported previ-
ously (20). For the next experiments, we utilized 0.01 �g/ml
pSC35 plasmid, an amount in which both the inclusion and
exclusion of exon 10 can be easily visualized. The results in Fig.
6C demonstrate that transfection of Tat resulted in an
increased E10 exclusion (lane 3), although co-transfection with
pSC35 prevented Tat-induced exon 10 splicing by promoting
E10 inclusion (lane 4). The effects of Tat and SC35 on the exclu-
sion of TAU exon 10 could be further appreciated after quanti-
fication and statistical analysis, as shown in Fig. 6D. These
results confirm that Tat indeed promotes aberrant splicing of
TAU through dysregulation of SC35.

In addition to its role in splicing, SC35 plays an active role in
transcription elongation (53), and in releasing paused RNA po-
lymerase II through binding to promoter-associated nascent

FIGURE 3. Treatment of mouse embryonic cortical neurons with Tat results in increased phosphorylation of SC35 protein. A, confocal microscopy
images showing phospho-SC35 (green) immunolabeling of DIV7 mouse primary neurons performed 48 h after treatment with recombinant Tat. DAPI staining
(blue) identifies the nucleus, and MAP-2 (purple) labels neuronal processes. The arrows in the bottom panel indicate cytoplasmic P-SC35, and arrowheads
indicate discontinuous pattern of MAP-2 in neuronal processes. Untr, untreated. B, quantification analysis of nuclear and cytoplasmic P-SC35 labeling was
performed on five fields from each condition from two experiments. Asterisks indicate p 	 0.05. C, representative Western blot showing efficient uptake of
recombinant Tat in mouse primary neurons. D, Western blots showing increased phospho-SC35 in two experiments of Tat-treated neurons. E, dephosphory-
lation by alkaline phosphatase (AP) confirmed that the SC35 detected in Tat-treated neurons, Tat-transfected SH-SY-5Y and 293T cells is the phosphorylated
form. Anti-14-3-3 is used as a loading control.
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RNA (54). Interestingly, the role of SC35 in gene activation has
been suggested to be analogous to the mechanism by which Tat
activates transcription. Furthermore, Tat has been shown to
associate with cellular RNAs (55), suggesting that Tat and SC35
may compete for the same substrate, TAU exon 10, limiting the
function of SC35. In addition, Tat may directly bind to SC35,
limiting the function of this protein. To examine this possibil-
ity, we performed immunoprecipitation analysis and found that
SC35 can pull down Tat in 293T cells transfected with
Myc-SC35 and pEYFP-Tat101 (Fig. 6G). To test whether Tat
associates with TAU RNA, we performed Tat-RNA immuno-
precipitation following our protocol (44). In this experiment,
pEYFP-Tat (Tat), Myc-SC35 (SC35), and TAU minigene (Tau)
were transfected into 293T cells with the following combina-
tions: Tat � TAU (sample 1); Tat alone (sample 2); SC35 �
Tat � TAU (sample 3); and Tat � SC35 (sample 4). Efficient
immunoprecipitation of Tat in all tested conditions was evalu-
ated by Western blots and is shown in Fig. 6E. The amount of
RNA extracted from samples immunoprecipitated with anti-
Tat or IgG was about 25 and 1 ng/�l, respectively, confirming
that Tat can associate with cellular RNAs, as recently reported

(55). Semiquantitative RT-PCR revealed the presence of both
E10 included (top band) and E10 excluded (lower band) in the
samples in which Tat and TAU were present (Fig. 6F, lanes 1
and 3) but not in the controls without Tau (lanes 2 and 4) or
without Tat antibody (IgG, lane 5). Of note, similar to the
results in Fig. 6C, Tat promoted E10 exclusion, and this effect
was prevented by the addition of SC35 (compare lanes 1 and 3).
It should be noted that the PCR primers (with the reverse
primer spanning through the plasmid sequence) are designed
to detect E10 splicing only and not the TAU pre-mRNA.

Tat-mediated Increase in Phospho-SC35 Is Associated with
Cytoplasmic SC35—Because the release of SC35 into the nucle-
oplasm is associated with increased TAU 4R (20, 56), we
hypothesized that Tat-mediated increases in exon 10 exclusion
may be due to retention of phospho-SC35 in the nuclear speck-
les. SH-SY5Y cells were transfected with pEYFP, pSC35, or
pEYFP-Tat or co-transfected with pEYFP-Tat and pSC35 for
24 h and subjected to immunofluorescence. Representative
images from each group show the effect of Tat on phospho-
SC35 (Fig. 7A). In control cells (pEYFP, green), phospho-SC35
(red) was detected in nuclear speckles, a pattern of expression

FIGURE 4. Altered Tau 3R and 4R expression in Tat-transgenic mice. A, diagram showing the six Tau isoforms originated from the alternative splicing of
exons 2, 3, and 10 (modified from Ref. 7). Inclusion of exon 10 results in a Tau that possesses four tubulin-binding domains (4R), whereas exclusion results in
three tubulin-binding domains (3R). The fully spliced 0N 3R is also called fetal Tau. B and C, expression of Tau 3R and 4R in the hippocampus, prefrontal cortex,
and cortex without PFC of brains from Tat-tg mice in which expression of Tat was induced (Tat�) or in mice lacking the Tat transgene (Tat�).
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also observed in primary neurons (Fig. 3A). In Tat-transfected
cells (pEYFP-Tat), phospho-SC35 was dramatically increased
in nuclear speckles with an increase in its cytoplasmic distribu-
tion in large clusters (arrow in Fig. 7A) as compared with the
control. The Tat-mediated cytoplasmic and nuclear SC35
speckles were rescued when SC35 was co-transfected with
pEYFP-Tat (Fig. 7A, right panel). The results in Fig. 7B demon-
strate that in comparison with the control, comparison to s
demonstrated an over 2-fold increase in nuclear phospho-SC35
(p � 0.001) and that this phenotype was prevented by the addi-
tion of exogenous SC35 (p � 0.0001). We also observed
increased cytoplasmic phospho-SC35 in Tat-expressing cells
compared with controls, although this increase was not statis-
tically significant (Fig. 7C). In addition, we noted that the over-
expression of SC35 alone reduced the fluorescent intensity of
phospho-SC35 in our system (Fig. 7, A and B, p � 0.001). This
putative paradoxical effect observed during overexpression of
SC35 is most likely mediated by the specificity of the anti-SC35
antibody used for immunofluorescence. This antibody (known
also as a nuclear-speckle marker) has a high affinity for phos-
pho-SC35 localized in the nuclear speckles. However, dephos-
phorylated or differentially phosphorylated SC35, which leaves
the nuclear speckles to promote TAU exon 10 inclusion (20,
56), is most likely not detected or weakly detected by this anti-
body. To confirm this hypothesis, we overexpressed SC35 using
a plasmid in which SC35 was cloned in-frame with a Myc tag
(Fig. 7D). Results showed a very high expression of SC35
throughout the nucleus, as detected by the anti-Myc antibody.
As anticipated, the pattern of phospho-SC35 immunolabeling
did not overlap with anti-Myc immunoreactivity, indicating the
specificity of the anti-phospho-SC35 antibody in detecting
SC35 contained in nuclear speckles.

Involvement of GSK-3� and DYRK1A Kinases in the Tat-in-
duced SC35 Dysfunction and Tau Exon 10 Splicing—Glycogen
synthase kinase 3 (GSK-3) and DYRK1A have emerged as key
kinases of SC35. Previous studies have shown that inactivation
of GSK-3� leads to increased TAU 4R (8), suggesting that acti-
vation of this kinase may lead to increased TAU 3R. Addition-
ally, another study found that overexpression of DYRK1A
results in increased TAU 3R (20). Thus, the increased phosphor-
ylation of SC35 and increased TAU 3R levels observed in our
clinical samples, as well as in mouse and cellular models,
prompted us to examine whether GSK-3� and/or DYRK1A
was/were activated or up-regulated by Tat.

Fig. 8A shows the down-regulation (therefore activation) of
phospho-GSK-3� (P-GSK-3�) in the cortex minus PFC of Tat�

mice compared with controls despite increased levels of total
GSK-3�. Even more prominent was the up-regulation of
DYRK1A in the same brain tissue samples. Similar results were
obtained in DIV7 primary neurons treated with recombinant
Tat (100 nM) at 24 and 48 h, in which GSK-3� was activated, and
DYRK1A was increased (Fig. 8C). The Tat-mediated down-reg-
ulation of P-GSK-3� could be further appreciated in Fig. 8, B
and D, in which levels of expression of P-GSK-3� and total
GSK-3� were quantified and normalized with the loading con-
trol and expressed as the ratio P-GSK-3�/GSK-3�. Statistical
analysis in Fig. 8B was performed on the average values between
the two groups of mice (Tat� and Tat�).

Because DYRK1A is a priming kinase for GSK-3� (57), we
reasoned that down-regulation of DYRK1A would be sufficient
to prevent the Tat-mediated increased expression of TAU 3R.
This hypothesis was tested using the Tau minigene. The results
in Fig. 9A show that the down-regulation of DYRK1A fully pre-
vented the Tat-mediated Tau exon 10 splicing compared with
all controls (Scr, Scr � Tat, si), as further documented by gel

FIGURE 5. Tat increases Tau 3R expression in cultured neuronal cells. A, representative Western blot analysis to detect Tau 3R and 4R isoforms in DIV7 mouse
primary neurons treated with Tat for 24 and 48 h and controls. Note that three times more protein lysates were loaded into the gels to detect Tau 4R compared
with the amount used to detect Tau 3R. B, diagram showing densitometric quantification of Tau 3R and 4R expression relative to loading controls obtained
from three independent experiments. Asterisk indicates p � 0.05. C, Western blotting showing a dose response of Tau 3R isoforms in SH-SY5Y cells transfected
with increasing concentrations of Tat. In all panels anti-14-3-3 was used as a loading control. Untr, untreated.
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densitometry in which E10 exclusion was quantified and nor-
malized with HPRT (Fig. 9B). siRNA-mediated down-regula-
tion of DYRK1A was confirmed by Western blot analysis (Fig.
9A, middle panel).

We next determined whether down-regulation of DYRK1A
would restore baseline levels of SC35 phosphorylation in Tat-
expressing cells by performing confocal immunofluorescent
microscopy. SH-SY5Y cells were co-transfected with pEYFP or
pEYFP-Tat and either the scramble control (Fig. 9C, top two
panels) or DYRK1A siRNAs (Fig. 9C, lower panels). Cells
expressing Tat again showed increased levels of phospho-SC35

(Fig. 9C, white arrow) and DYRK1A compared with untrans-
fected cells in the same field or pEYFP-transfected cells; co-
transfection with the control siRNA did not alter the immuno-
labeling pattern of SC35 in all conditions. Silencing DYRK1A in
control pEYFP-transfected cells resulted in lower levels of
phospho-SC35 in nuclear speckles, confirming previous studies
(20). Importantly, the down-regulation of DYRK1A in Tat-ex-
pressing cells (Fig. 9C, bottom panels, arrows) was sufficient to
prevent increased levels of phosphorylated SC35, and the punc-
tate pattern of the nuclear speckles was similar to the control
(Scr RNA). In the same experimental setting, we evaluated lev-

FIGURE 6. Direct evidence that Tat promotes exon 10 exclusion. A, scheme of TAU minigene as reported previously (20, 52). B, titration of SC35 overexpres-
sion in 293T cells to determine the concentration of pSC35 at which E10� and E10� TAU mRNA are equally produced (0.01 �g/ml) in the cells transfected for
36 h with the TAU minigene. HPRT was PCR-multiplexed and used as an internal control (Ctrl) and for normalization. Levels of SC35 upon its expression were
detected by Western blots (middle panel). Anti-14-3-3 was used as a loading control. C, multiplex RT-PCR to detect E10� and E10� TAU RNAs in controls, cells
transfected with SC35, Tat, or both. HPRT was used for normalization. D, quantitatively, the TAU E10 exclusion is increased when Tat is present ,and overex-
pression of SC35 prevents this up-regulation. One and two asterisks represent the significance between groups (p � 0.05 and p � 0.01, respectively) resulting
from three independent experiments. E, Western blotting to detect Tat in cells transfected with pEYFP-Tat, Myc-SC35, and TAU minigene in the indicated
combinations after immunoprecipitation (IP) with anti-Tat antibody or IgG control. WL stands for whole lysates and was used as a positive control for the
expression of Tat. Note that EYFP-Tat is about 50 kDa. F, image of a representative agarose gel showing RT-PCR-amplified E10� and E10� Tau RNAs in the
indicated samples as in E. G, representative Western blots (n � 3) to detect Tat in 293T cells transfected with pEYFP-Tat101 (lane 2), Myc-SC35 (lane 3),
co-transfected with Myc-SC35 and pEYFP-Tat101 (lane 4), and control mock-transfected (lane 5). M and WL stand for marker and whole lysate (lanes 1 and 6,
respectively).
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els of SC35 by Western blots, and results are shown in Fig. 9, D and
E. In the presence of the scrambled RNA, transfection of Tat
increased the levels of SC35 compared with the control transfected
only with the scrambled RNA (Fig. 9D, 1st two lanes), although
silencing DYRK1A efficiently prevented this increase (Si � Tat).
Interestingly, down-regulation of DYRK1A determined an
increase in P-SC35 (Fig. 9D, Si). This effect might be due to the
phosphorylation of SC35 from other kinases after SC35 leaves
the nuclear speckles, although specific experiments would be
required to evaluate this hypothesis. Altogether, these results
indicate that up-regulation of DYRK1A is required for Tat to
alter the SC35-dependent TAU exon 10 splicing.

Finally, immunohistochemistry analysis of brain autopsies
demonstrated low levels of DYRK1A in neurons (arrows) and
glia (arrowheads) of control brains (Fig. 10). In contrast, HIVE
brains showed a different cellular distribution with the
increased presence of DYRK1A in the neuronal soma and in
axons. Interestingly, HIV� cases without detected encephalitis
demonstrated an intermediate degree of labeling.

Discussion

The HIV-1 transactivator Tat has been shown to interact
with a variety of cellular factors altering their normal function

in both infected and uninfected cells (58 – 63). In respect to
RNA metabolism, Tat directly participates in the splicing of
viral RNA (64); however, the effect(s) of Tat on mechanisms
involved in processing cellular RNA in the absence of the
viral genome is/are largely unexplored. Intuitively, Tat
should still be able to bind and alter the function of tran-
scriptional/translational complexes in uninfected cells even
in the absence of other viral factors that usually mediate
those interactions, such as the LTR or other viral proteins. In
addition, recent reports indicating that cellular factors such
as SC35 can function in a manner similar to Tat (53, 54)
further support the possibility that Tat itself may compete
with cellular proteins or with host RNA species to affect
RNA metabolism. This possibility was confirmed by RNA
immunoprecipitation coupled with microarray analysis,
which demonstrated that Tat can interact with cellular RNAs in
T cells (55). Although in that report TAU RNA was not
detected, likely due to the low abundance of TAU in T cells,
there is a surprising similarity between Tau exon 10 and TAR
LTR stem-loop structures, suggesting the possibility of a Tat-
TAU RNA interaction. Indeed, our data in which Tat pulled
down TAU RNA strongly indicate that such a possibility may
exist (Fig. 6).

FIGURE 7. Effects of Tat on SC35 phosphorylation in human SH-SY5Y cells. A, representative confocal microscopy images of SH-SY5Y cells transfected with
control (pEYFP), pSC35, pEYFP-Tat, or pEYFP-Tat and pSC35. Immunofluorescence was performed 24 h post-transfection. B and C, quantification of phospho-
SC35, represented as area in pixels per nucleus, was performed on the acquired images. Three and four asterisks represent the significance between groups (p �
0.005 and p � 0.0001, respectively) resulting from three independent experiments. D, representative images showing the distribution of SC35 in SH-SY5Y cells
transfected with pcDNA3-Myc-SC35, using anti-Myc (white) and the nuclear speckle marker P-SC35 (red) antibodies. Nuclei are stained with DAPI (blue). Ctrl,
control.
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Neurodegenerative tauopathies have been reported to be
associated with an aberrant splicing of TAU (7, 8, 13, 14); how-
ever, to the best of our knowledge TAU aberrant splicing has
never been investigated in the setting of HIV. Because our
immunohistochemistry data demonstrate both alterations in
TAU 3R and 4R isoforms and apparent changes in the levels of
SC35 phosphorylation in HIVE cases compared with controls
(Figs. 1 and 2), we sought to investigate molecular mechanisms
involved in the SC35-mediated TAU exon 10 splicing. With
respect to SC35, incubation of primary mouse cortical neurons
with recombinant Tat affected both the phosphorylation levels
and gel mobility of SC35 (Fig. 3). Our data showing increased
intensity in the band relative to dephosphorylated SC35 (Fig.
3D) are in line with a previous report suggesting that this phe-
nomenon is due to the presence of a domain in SC35 that con-
fers a remarkable resistance to phosphatases (65).

Increased phosphorylation of SC35 paralleled the shift
toward TAU 3R isoform in primary neurons treated with Tat
(Fig. 5). Because of the presence of four microtubule-binding
domains, TAU 4R isoforms bind to microtubules much more
efficiently than the 3R isoforms (6, 7). Previous studies have
shown that the Tau 3R is the most abundant isoform in fetal and
newborn mice, although in the adult mouse Tau 4R is the pre-
dominant isoform (66 – 69). However, regional and cell-specific
variations in the expression of Tau isoforms have been identi-
fied, which likely reflect unique regional differences in the func-
tion of Tau isoforms (69). Regional variations in TAU isoforms

were also demonstrated here. For instance, our data show more
Tau 3R than 4R in the mouse hippocampus (Fig. 4A), which
may reflect higher neuronal plasticity of these parts of the adult
brain. In contrast, other cortical regions demonstrate Tau 4R as
the most prevalent isoform (Fig. 4, B and C). Although our
controls are not wild-type mice but mice transgenic for the
RTTA gene (see under “Experimental Procedures”), our data
are in line with previous reports showing Tau 4R as the most
prevalent isoform in the adult mouse brain (69). In the hip-
pocampus the switch from Tau 3R to 4R occurs later than in
other brain regions, and expression of Tau 3R is maintained in
specific areas (69); therefore, it may not be surprising that we
still detect more Tau 3R than 4R in the hippocampus of our
RTTA control mice.

Increased expression of SC35 has been observed in HIV-in-
fected cells (70, 71) and correlated with the expression of Tat
(70). However, there are no reports on the effect of Tat on SC35
expression in non-infected cells. In vitro experiments using the
TAU minigene demonstrated that in the presence of Tat, TAU
exon 10 (E10) is spliced out more efficiently and that SC35
co-transfection can counteract this effect, leading to more bal-
anced E10 inclusion (Fig. 6, C and D). Interestingly, similar E10
inclusion/exclusion ratios were obtained when Tat-RNA
immunoprecipitation was performed (Fig. 6F). Importantly,
these results also demonstrated that Tat can associate with
TAU RNA. Because both alternatively spliced forms of TAU
RNAs (E10 excluded and included) were pulled down by Tat, it

FIGURE 8. Tat mediates up-regulation of DYRK1A and activation of GSK-3� in vivo and in cell culture. Western blots showing expression of P-GSK-3�
(inactive form), total GSK-3�, and DYRK1A in Tat-Tg mouse brain tissues (A) and cultured mouse primary neurons (C). B, quantification of P-GSK-3� expression
levels compared with total GSK-3�. Statistical analysis was performed on the average intensities between the groups of mice (Tat� and Tat�). D, diagram
showing densitometric quantification of the bands relative to P-GSK-3� and total GSK-3� from three independent experiments and expressed as a ratio
P-GSK-3�/GSK-3� after normalization with 14-3-3 loading controls. Asterisks indicate p � 0.05.
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is possible that Tat-TAU RNA association is mediated by
another molecule that, in addition to Tat, also interacts with
SC35. The positive transcription elongation factor b (P-TEFb)
would indeed fit in this model because SC35 and Tat both have
the ability to associate with this complex (53, 54, 72–74). In line
with this model, Tat and SC35 could compete for the associa-
tion of the P-TEFb complex to the nascent TAU mRNA in a
manner similar to Tat and another member of the SR family of

splicing factors, SF2/ASF, as recently demonstrated for the
association of the HIV transcript (75). Our experiments further
indicate that Tat could inhibit SC35 function through binding
(Fig. 6G). In addition to affecting the function of SC35, the
expression of Tat could result in the down-regulation and/or
dysfunction of other molecules that stabilize the TAU exon 10
RNA stem loop and promote its inclusion, such as the DEAD-
box p68 RNA helicase (DDX5) (76).

FIGURE 9. Silencing DYRK1A inhibits Tat-mediated increase in P-SC35 and promotes TAU 10 exclusion. A, agarose gel of a representative multiplex RT-PCR
to determine changes in Tau E10 inclusion (E10�) and exclusion (E10�) in cells co-transfected with Tat and scrambled siRNA (Scr) or siRNA to DYRK1A (si) at 24 h
post-transfection. HPRT was used as a loading control. Levels of DYRK1A upon its down-regulation by siRNAs were detected by Western blots. Anti-14-3-3 was
used as a loading control. B, quantification analysis of Tau E10 exclusion in the indicated experimental conditions. Statistical significance is indicated by the
asterisks (p � 0.01) and results from three independent experiments. C, representative confocal immunofluorescent microscopy images of pEYFP and pEYFP-
Tat-transfected SH-SY5Y cells (green cells) in the presence of scrambled siRNA (top two panels) or DYRK1A siRNA (bottom two panels). Phospho-SC35 (P-SC35) is
identified in red and DYRK1A in white. Nuclei are stained with DAPI (blue). White arrows indicate differences as detailed in the text. D, Western blots showing
levels of P-SC35 and DYRK1A in the experimental setting as in C. �-Actin was used as loading control. E, densitometric analysis of the bands relative to P-SC35
compared with �-actin from two experiments. Asterisks indicate p � 0.05 when compared with values corresponding to either Scr or Si �Tat samples.
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Tat-mediated increases in phospho-SC35 and the enlarge-
ment of SC35-containing nuclear speckles was reversed by co-
transfection with pSC35 (Fig. 7, A–C). The fact that overexpres-
sion of SC35 results in lower P-SC35 detected in the nuclear
speckles (Fig. 7), despite the increase in the overall amount of
P-SC35 (Fig. 6B, top band), may also explain the increased levels
of P-SC35 when DYRK1A is down-regulated (Fig. 9, C and D)
and confirms the phosphorylation of SC35 by other kinases.

Earlier studies have shown that SC35 promotes TAU exon 10
inclusion by binding to the SC35-like enhancer region on the
TAU pre-mRNA and that DYRK1A-mediated SC35 phosphor-
ylation inhibits exon 10 inclusion (20). DYRK1A maps to chro-
mosome 21 (77) and is overexpressed in Down syndrome (78,
79), Alzheimer disease, and Pick disease (79). We also found
robust increase of DYRK1A in HIVE autopsies compared with
controls (Fig. 10). Interestingly, HIV� cases without encepha-
litis showed intermediate levels of immunolabeling, which may
point to DYRK1A dysregulation as an early event in the neuro-
nal dysfunction associated with HIV infection.

Previous reports have shown that inhibition of GSK-3�
results in TAU exon 10 inclusion (8) and that DYRK1A is a
priming kinase for GSK-3� (57). In line with these data, we
found a substantial increase in DYRK1A expression and
GSK-3� activation in Tat-tg mice and in cell cultures. Impor-
tantly, we found that the Tat-mediated up-regulation of phos-
pho-SC35, its retention in the nuclear speckles, and up-regula-
tion of TAU exon 10 exclusion were dependent on the
increased expression of DYRK1A, because siRNA-mediated
DYRK1A reduction prevented these effects (Figs. 8 and 9).

Among the known mechanisms that determine an increase
in DYRK1A, the RE1 silencing transcription factor has been
shown to regulate DYRK1A transcription in a negative feed-
back loop (80). In an attempt to identify the mechanism(s) by
which Tat may promote increased expression of DYRK1A, we
have evaluated expression levels of DYRK1A and REST mRNAs
in Tat-Tg mice as well as in SH-SY5Y cells transfected with Tat.
However, no significant changes in DYRK1A and REST mRNAs
were observed in any of the experimental conditions (data not

shown), suggesting that Tat could promote up-regulation of
DYRK1A through protein stabilization. Indeed, Tat has been
shown to block the catalytic activity of the proteasome through
direct binding with several subunits of the 26S (81) and to
switch the proteasome to a non-proteolytic mode through dis-
sociation of the proteasome into 19S and 20S particles (82). In
addition, we have previously shown a Tat-mediated subcellular
redistribution of the 20S subunits in cultured neurons and in
HIVE clinical samples (39). Altogether, our data show that
the Tat-induced DYRK1A up-regulation does not involve
increased transcription, but previous literature suggests it
could likely be due to increased protein stability through dys-
regulation of the proteasome. Although further experiments
are necessary to determine the involvement of the proteasome
in the Tat-mediated DYRK1A stability, our data unravel a novel
mechanism in which Tat can dysregulate the DYRK1A/SC35
axis and promote TAU exon 10 exclusion.
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