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Abstract. In Alzheimer’s disease (AD), neuronal thread
protein (NTP) accumulates in cortical neurons and colo-
calizes with phospho-tau-immunoreactive cytoskeletal
lesions that correlate with dementia. To generate addi-
tional information about the potential role of NTP in AD,
we characterized its expression and regulation in human
SH-Sy5y neuronal cells. Quantitative real-time reverse
transcription-polymerase chain reactin and Western blot
analysis demonstrated prominent insulin, moderate in-
sulin-like growth factor, type 1 (IGF-1) and minimal
nerve growth factor stimulation of NTP expression. In
addition, NTP protein was more stable and it progres-
sively accumulated in cells that were stimulated with in-
sulin for 24 or 48 h. Metabolic labeling and phospho-
amino acid analysis demonstrated phosphorylation of
NTP on Serine residues, 30–60 min after insulin or IGF-
1 stimulation, when glycogen synthase kinase 3b (GSK-
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3b) activity would no longer have been suppressed. Ki-
nase inhibitor and in vitro phosphorylation studies
demonstrated a role for GSK-3b in the positive regulation
of NTP expression and phosphorylation. Coimmunopre-
cipitation studies demonstrated physical interactions be-
tween NTP and tau or microtubule-associated protein 1b
(MAP-1b), and ubiquitin immunoreactivity in NTP im-
munoprecipitates. In summary, these studies showed that
(i) NTP expression is regulated at the level of transcrip-
tion by insulin and IGF-1 stimulation; (ii) NTP is phos-
phorylated by GSK-3b; (iii) NTP can physically interact
with tau and MAP-1b and (iv) NTP-MAP complexes are
ubiquitinated. The results suggest a functional role for
NTP in relation to the turnover or processing of neuronal
cytoskeletal proteins, attributes that may be modulated by
insulin/IGF-1-mediated signaling.

Key words. Alzheimer’s disease; insulin; gene expression; protein phosphorylation; glycogen synthase kinase; mi-
crotubule-associated proteins.

Neuronal thread protein (NTP) is an ~41-kD molecule
that is encoded by an ~1.4-kB messenger RNA (mRNA)
transcript expressed in the brain [1]. Using monoclonal
antibodies generated against the recombinant protein,
several smaller related molecules, including ~26-kD,
~21-kD and ~14–18-kD species were identified by
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Western blot analysis [2]. Previous studies demonstrated
increased expression of the ~41-kD and ~21-kD NTP
species in brains with AD [1, 2]. In addition, NTP was
found to colocalize with phospho-tau-immunoreactive
neuronal cytoskeletal lesions that correlate with dementia
in AD [2]. Furthermore, the elevated levels of NTP im-
munoreactivity in cerebrospinal fluid of patients with
early AD suggested that increased NTP expression may
reflect a proximal abnormality in the neurodegeneration



cascade [1, 3–6]. Although initial studies attempting to
characterize neuronal thread protein were conducted with
antibodies to the Reg gene [7–9], isolation of the NTP
complementary DNA (cDNA) from the human brain li-
brary demonstrated NTP to be distinct from Reg, both at
the mRNA and protein levels [1]. The explanation for the
cross-reactivity is that the antibodies to Reg recognize a
conformational epitope on NTP. However, recent unpub-
lished studies performed in our laboratory using real-time
quantitative reverse-transcribed polymerase chain reac-
tion (RT-PCR) demonstrated Reg mRNA transcripts in
both the brain and human neuronal cell lines. The current
work concerns the expression and function of NTP and
not the Reg gene.
Despite its extensive characterization in relation to AD
[1, 2, 10–12], the function of NTP is still unknown. Pre-
vious studies demonstrated that NTP expression was
higher in fetal and early postnatal developing brains than
in mature brains [13], but following acute cerebral in-
farction, NTP expression was found to be transiently in-
creased in the peri-infarct zone that participates in regen-
eration and repair [14]. In addition, with neuronal differ-
entiation, NTP immunoreactivity translocates from the
perikaryon to elongated neuronal cell processes [15],
suggesting a possible role for this molecule in neuritic
sprouting. Finally, we previously showed that NTP pro-
tein expression was modulated in response to insulin-
stimulated signaling through the insulin receptor sub-
strate, type 1 [16, 17]. 
To better understand the role of NTP in relation to AD-
type neurodegeneration, it is essential that we character-
ize its normal regulation and function. In designing
strategies for these investigations, consideration was
given to the structural features of the NTP protein en-
coded by the cDNA that was isolated from an Alzheimer
disease brain library (AD7c-NTP) [1]. In this regard, sub-
sequence analysis predicted the presence of an insulin-in-
sulin-like growth factor, type 1 (IGF-1) chimeric receptor
domain, which may have relevance to function or regula-
tion of the molecule [1]. In addition, the protein has 17
potential phosphorylation motifs, the majority (14 of 17)
of which correspond to glycogen synthase kinase 3b
(GSK-3b) sites [1]. GSK-3b is one of the major kinases
responsible for tau phosphorylation in brains with AD
[18]. 
Taking together the observations made in AD brains, cul-
tured cells and experimental cerebral ischemia, with the
computer-based analysis of NTP structure, we predicted
NTP to be a phospho-protein that is regulated by insulin
or IGF-1, and capable of physically associating with neu-
ronal cytoskeletal proteins, particularly tau. To test this
hypothesis, we examined growth factor modulation of
NTP expression and phosphorylation, and assessed po-
tential physical interactions between NTP and the micro-
tubule-associated proteins, tau and MAP-1b. 
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Methods

Cell culture conditions
SH-Sy5y human neuronal cells were maintained in Dul-
becco’s modified Eagle’s medium supplemented with 
9 g/l glucose, 4 mM glutamine, 10 mM nonessential
amino acid mixture and 10% heat-inactivated fetal calf
serum (FCS). To study the effects of growth factor stim-
ulation on NTP expression, subconfluent cultures were
serum starved for 16 h, then fed with defined medium
supplemented with insulin (50 nM), IGF-1 (25 nM),
nerve growth factor (NGF; 5 nM) or nothing (negative
control) for 0–60 min, or 24–96 h. However, for the
24–96-h studies, 0.5% FCS was added to the control cul-
tures because complete growth factor deprivation for
longer than 24 h causes apoptosis of SH-Sy5y cells. SH-
Sy5y cells were selected for study because they are of
human origin, and the cDNA sequence is known. Cells of
rat origin, including PC12 and primary rat cortical neuron
cultures, were not the major focus of investigation be-
cause the rat NTP cDNA has not yet been isolated. How-
ever, using one of the cross-reactive monoclonal antibod-
ies, rat brain tissue was included in a limited Western-
blotting study to demonstrate developmental changes in
the levels of NTP.

Analysis of growth factor-stimulated NTP expression
NTP expression was evaluated using quantitative real-
time RT-PCR assays and Western blot analysis. For the
quantitative real-time RT-PCR studies, total RNA was
isolated using TRIzol (Invitrogen, Carlsbad, CA) accord-
ing to the manufacturer’s protocol. Samples containing 
2 mg RNA were reverse transcribed with the AMV First
Strand cDNA synthesis kit (Roche, Basel, Switzerland)
and random oligodeoxynucleotide primers. In parallel
PCR amplifications, expression levels of amyloid precur-
sor protein (APP) and nitric oxide synthase-3 (NOS-3)
were measured as specificity controls since these mole-
cules also have relevance to the pathology or pathogene-
sis of AD [19–21], but were not expected to be regulated

Table 1. Primers used for real-time quantitative RT-PCR amplifica-
tion studies.

Primer* Sequence (5¢ Æ 3¢)

NTP forward GAG ATG GAG TTT TCG CTC TTG TTG
NTP reverse TGC CTG TAA TCC CAG CCT ACT G
NOS-3 forward CAG GAA GTA AGT GAG AGC CTG
NOS-3 reverse TCC AGT AAC ACA GAC AGT GC
APP forward GTT CTG CAT CTG CTC AAA G
APP reverse TGC CAC CAC TAC CAC AAG TA
18s forward GCC TCA CTA AAC CAT CCA ATC G
18s reverse AAC CCG TTG AAC CCC ATT CG

* Primer sequences used for real-time quantitative RT-PCR studies.
NTP, neuronal thread protein; NOS-3, nitric oxide synthase 3; APP,
amyloid precursor protein; 18s, 18s ribosomal RNA.



in the same manner as NTP. PCR primer pairs were de-
signed using MacVector 7.0 software (Accelrys, Oxford
Molecular, Oxford, England). PCR amplifications were
performed in 25-ml reactions containing 20 ng of RT
product, 0.4 mM each of the forward and reverse primers
(table 1), and SYBR Green I Master Mix (BioRad, Bev-
erly, MA). The amplified signals were detected continu-
ously with the BioRad iCycler iQ Multi-Color Real Time
PCR Detection System (Hercules, CA). The following
real-time PCR amplification protocol was used: (i) initial
10 min denaturation and enzyme activation at 95°C; (ii)
a three-segment amplification consisting of 40 cycles of
95°C ¥ 30 s, 60°C ¥ 45 s, and 72°C for 30 s; and (iii) a
cooling step to 4°C. Cycle threshold detection was ob-
tained using the iQ software, and the levels of mRNA ex-
pression (ng) in the original samples were determined
from standard curves constructed with recombinant plas-
mid DNA. To obtain the recombinant plasmids, con-
served regions of each cDNA containing the sequences
amplified in the studies were cloned into the PCRII vec-
tor (Invitrogen, Carlsbad, CA), and verified by sequenc-
ing. Serial dilutions of a known amount of purified plas-
mid DNA were used in separate amplification reactions,
and the equation of the regression line relating cycle
threshold to copy number or ng DNA was used to calcu-
late transcript abundance in the samples. To correct for
differences in template loading, the ng ratios of NTP, APP
or NOS3 to 18S were calculated, thereby providing in-
dices of relative transcript abundance that were used to
make intragroup and intergroup comparisons.

Protein expression studies
NTP immunoreactivity was detected by Western blot
analysis, immunoprecipitation, metabolic labeling and
immunofluorescence. For Western blot analysis, cells and
tissues were homogenized in radioimmunoprecipitation
assay (RIPA) buffer (50 mM Tris-HCl, pH 7.5, 1% NP-
40, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM
EDTA, 2 mM EGTA) containing protease [1 mM PMSF
(phenylmethylsulfonyl fluoride), 0.1 mM TPCK (to-
sylphenylalanyl chloromethylketone), 1 mg/ml aprotinin,
1 mg/ml pepstatin A, 0.5 mg/ml leupeptin, 1 mM NaF, 
1 mM Na4P2O7] and phosphatase (2 mM Na3VO4) in-
hibitors. Protein concentrations were determined using
the bicinchoninic acid (BCA) assay (Pierce, Rockford,
IL). Samples containing 60 mg of protein were fraction-
ated by sodium dodecyl sulfate, polyacrylamide gel elec-
trophoresis (SDS-PAGE) [22]. Proteins were transferred
to polyvinylidiene fluoride (PVDF) membranes, and non-
specific binding sites were adsorbed with SuperBlock-
TBS (Pierce, Rockford, IL). The membranes were then
incubated overnight at 4°C with primary antibody (0.5–
1 mg/ml) diluted in Tris-buffered saline (TBS; 50 mM
Tris, 150 mM NaCl, pH 7.4) containing 1% bovine serum
albumin and 0.05% Tween-20 (TBST-BSA). Immunore-

activity was detected using horseradish peroxidase (HRP)
conjugated secondary antibody and enhanced chemilu-
minescence (ECL) reagents. Immunoreactivity was
quantified using the Kodak Digital Science Imaging Sta-
tion (NEN Life Sciences, Boston, MA). 
For immunoprecipitation studies, cells were homoge-
nized in Triton lysis buffer (50 mM Tris-HCl, pH 7.5, 
10 mM EDTA, 1% Triton X-100) containing protease
and phosphatase inhibitors as indicated above. Samples
containing 500 mg of protein diluted to 1 mg/ml in Triton
lysis buffer were precleared with Protein A sepharose,
then incubated overnight at 4°C with 1 mg/ml of primary
antibody using constant rotation. Protein A sepharose
was then added, and the samples were incubated for an
additional 2 h at 4°C with constant rotation. The immune
complexes were washed 3 times in Triton lysis buffer us-
ing a standard protocol [22]. The immunoprecipitates
were analyzed by Western blot analysis.
For subcellular fractionation studies, the cells were rinsed
in ice-cold phosphate-buffered saline, suspended in 5 vol
of ice-cold hypotonic buffer (0.25 M sucrose, 5 mM Tris-
HCl, pH 7.2, 1 mM MgCl2), Dounce homogenized (10
strokes, Type B pestle), then centrifuged at 3300 ¥ g for
15 min at 4°C to pellet nuclei. The resulting crude super-
natant was divided into two fractions. One fraction was
centrifuged at 60,000 ¥ g for 30 min and the supernatant
used as the cytosolic fraction. The resulting pellet was re-
suspended in buffer containing 50 mM NaCl, 10 mM
Tris, pH 7.4, 2.5 mM MgCl2 and 1% Triton X-100, and
the soluble material was used as the membrane fraction.
To the second crude supernatant fraction, Triton X-100
was added to achieve a concentration of 1%. The pellet
obtained by centrifuging the sample at 12,000 ¥ g was
solubilized in buffer containing 50 mM NaCl, 10 mM
Tris, pH 7.4, 2.5 mM MgCl2, protease inhibitors, 0.5%
sodium deoxycholate, 1% Tween 40 and 1% Triton X-
100, and then centrifuged at 12,000 ¥ g for 15 min to pel-
let insoluble debris. The corresponding supernatant was
used as the cytoskeleton fraction [22]. Protease inhibitor
cocktail (see Western protocol) was included in all
buffers. Protein concentrations were measured using the
BCA assay (Pierce, Rockford, IL).

Analysis of NTP phosphorylation
NTP phosphorylation was demonstrated by metabolic la-
beling of cultured cells with [32P] orthophosphoric acid
[22]. Phosphorylated NTP immunoprecipitated from cell
lysates was detected by SDS-PAGE and autoradiography.
Western blot analysis of the [32P]-labeled immunoprecip-
itates was used to demonstrate that the phospho-proteins
corresponded to NTP. As an additional strategy, NTP im-
munoprecipitated from cell lysates was subjected to
Western blot analysis using monoclonal antibodies to
phospho-Serine or phospho-Threonine. Immunoreactiv-
ity was detected with HRP-conjugated secondary anti-
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body, ECL reagents and the Kodak Digital Science Imag-
ing Station. 
To identify the phosphorylated amino acids, the [32P]-la-
beled, SDS-PAGE fractionated immunoprecipitates were
transferred to Immobilon P membrane. The appropriate
band (detected by autoradiography) was excised and sub-
jected to acid hydrolysis, the products of which were an-
alyzed by two-dimensional electrophoresis using the
Hunter Thin Layer Peptide Mapping Electrophoresis Sys-
tem (C.B.S. Scientific Company, Del Mar, CA) according
to the manufacturer’s protocol. Phospho-amino acid stan-
dards were included in all analyses. In addition, affinity-
purified recombinant NTP protein [1, 2] was used as a
substrate for GSK-3b phosphorylation in the presence of
[g-32P]ATP [22]. A nonrelevant kinase (Erk MAPK) was
used as a negative control in parallel studies. The reaction
products were analyzed by SDS-PAGE and autoradiogra-
phy. 

Effects of kinase modulators on NTP mRNA and
protein levels
To determine the effects of different kinase modulators
on NTP protein expression, cells stimulated with insulin
or IGF-1 were metabolically labeled with [35S]-methion-
ine/cysteine (Dupont-NEN Express Labeling) [22]. NTP
immunoprecipitates were fractionated by SDS-PAGE and
detected by film autoradiography. Parallel insulin or IGF-
1-stimulated cultures were treated with one of the kinase
modulators listed in table 2, and analyzed by quantitative
real-time RT-PCR or Western blot analysis to detect
changes in NTP expression.

Source of antibodies and chemicals
Monoclonal antibodies to NTP were generated to re-
combinant protein [1, 2]. Recombinant human NGF and
IGF-1 were purchased from Sigma-Aldrich Co (St.
Louis, MO) and human insulin (Novolin R) was pur-
chased from Nova Nordisk Pharmaceuticals (Princeton,
NJ). Protein A sepharose was purchased from Amer-
sham-Pharmacia Biotechnology (Arlington Heights, IL).

Kinase inhibitors were purchased from CalBiochem
(Carlsbad, CA). General chemical reagents were pur-
chased from Sigma-Aldrich (St. Louis, MO) or Cal-
Biochem (Carlsbad, CA).

Statistical analysis
Data depicted in the graphs represent the mean ± S.D. of
results generated from three to six experiments. Inter-
group comparisons were made using Student t-tests or
analysis of variance (ANOVA) with Fisher least signifi-
cant difference (LSD) post-hoc tests. Statistical analysis
was performed using the Number Cruncher Statistical
Systems (Dr Jerry L. Hintze, Kaysville, UT). 

Results

NTP expression in SH-Sy5y neuronal cells and brain
tissue using the N3I4 monoclonal antibody
Immunofluorescence studies of cultured SH-Sy5y cells
localized NTP immunoreactivity to the periphery and
along the inner surface of the plasma membrane (fig. 1A-
1). Parallel negative control studies included reactions in
which the primary antibody was omitted or a nonrelevant
antibody to hepatitis B virus was used instead (fig. 1A-
2). Two clusters of NTP-immunoreactive proteins with
molecular masses of ~39–45 kD or ~18–21 kD were de-
tected by Western blot analysis of SH-Sy5y cells (fig.
1B). The same size NTP-immunoreactive proteins were
detected by Western blot analysis of postmortem tempo-
ral lobe tissue from patients AD or normal aging (fig. 1C)
[1, 2], and cerebral cortex from different age rats (fig.
1D). Corresponding with previous reports [1, 2], the lev-
els of NTP in AD were higher than in normal aged con-
trol brains. In rat brains, the highest levels of NTP were
observed on postnatal day 8 (fig. 1D). Subcellular frac-
tionation studies showed that the majority of NTP-im-
munoreactive proteins partitioned with the cytoskeletal
and membrane fractions, whereas only a small portion
was extracted in the cytosolic fraction (fig. 1E). 
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Table 2. Compounds used to identify signaling pathways regulating NTP expression and phosphorylation.

Compound Concentration Target of inhibition

Butyrolacetone 680 nM Cdk-5
Chelerythrine chloride 600 nM protein kinase C
H89 dihydrochloride 50 nM protein kinase A
PD98059 2 mM MAP kinase kinase
SB202190 400 nM p38 MAP kinase
Genestein 2.6 mM protein tyrosine kinase
LY83583 2 mM cyclic GMP-dependent kinase
Lithium chloride 1.3 mM GSK-3b
Indirubin-3¢-monoxime 180 nM cyclin-dependent kinases 
Indirubin-3¢-monoxime, 5-iodo 10 nM GSK-3b and Cdk-5

Chemical inhibitors used to evaluate signaling mechanisms regulating NTP expression and phosphorylation following insulin stimulation.
Cdk, cyclin-dependent kinase; GSK-3b, glycogen synthase kinase-3b.



Growth factor modulation of NTP expression
Quantitative real-time RT-PCR, Western blot analysis and
metabolic labeling studies were used to examine NTP ex-
pression in relation to growth factor stimulation (fig. 2).
For the quantitative RT-PCR studies, NOS3 and APP ex-
pression levels were simultaneously measured because
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Figure 1. NTP expression in neuronal cells and brain tissue de-
tected with the N3I4 monoclonal antibody. (A) Immunofluores-
cence detection of NTP in cultured SH-Sy5y cells. Cells were fixed,
permeabilized and incubated with the cocktail of monoclonal anti-
bodies to NTP (A1) or nonrelevant monoclonal antibody to hepati-
tis B surface antigen (A2). Immunoreactivity was detected using bi-
otinylated secondary antibody and fluorescein-conjugated avidin D.
Western blot analysis detection of NTP in (B) SH-Sy5y cells, (C)
postmortem human temporal lobe tissue from patients with
Alzheimer’s disease (HB-AD1-HB-AD3) or normal aging (HB-C)
and (D) cerebral cortex harvested from rats on postnatal day (P) 0
(birth), 8, 12 or 16. (E) Fractionation studies were used to demon-
strate the subcellular distribution of NTP proteins in SH-Sy5y cells
(see ‘Methods’). NTP expression was detected using the N3I4 mon-
oclonal antibody that was produced against the recombinant pro-
tein. Immunoreactivity was revealed with horseradish peroxidase
conjugated secondary antibody, ECL reagents and digital imaging
or film autoradiography Positions of the molecular weight stan-
dards are shown at the left of each panel. 

Figure 2. Growth factor modulation of NTP expression. SH-Sy5y
cells were cultured in defined medium supplemented with 50 nM
insulin, 25 nM IGF-1, 5 ng/ml NGF or 0.5% FCS. (A) NTP mRNA
levels were measured using real-time quantitative RT-PCR. To
evaluate the specificity of the results, mRNA levels of nitric oxide
synthase 3 (NOS-3) and amyloid precursor protein (APP) were si-
multaneously measured. Ribosomal 18s transcripts were measured
in parallel reactions to assess total RNA abundance. Primers used
in the amplification reactions are listed in table 1. The nanogram
quantities of mRNA or ribosomal RNA (rRNA) were calculated
from standard curve equations generated with serial dilutions of
purified recombinant plasmid DNA. The graph depicts calculated
ratios (mean ± S.D. of NTP, NOS3 or APP mRNA to 18s tran-
scripts measured in the same samples. (**P < 0.001 relative to
IGF-1- and NGF-stimulated cells; *P < 0.001 relative to NGF-
stimulated cells). (B) Growth factor modulation of NTP protein
levels demonstrated by Western blot analysis. NTP was detected
using a cocktail of monoclonal antibodies (N3I4, N2J1, N2U6)
that detect additional supershifted (probably phosphorylated)
bands. For comparison, growth factor-stimulated tau and Erk
MAPK protein expression were also measured. Equivalent
amounts of protein were loaded in each lane. Immunoreactivity
was detected with horseradish peroxidase conjugated secondary
antibody and ECL reagents. The positions of molecular weight
standards are shown at the left of each panel. (C–E) Results of
scanning digital densitometry of (C) NTP, (D) tau and (E) Erk
MAPK protein levels from three replicate samples. Values (mean
± S.D.) posted represent arbitrary densitometry units (D.U.; *P <
0.01 relative to control).



these genes have relevance to AD-type neurodegeneration
but were not expected to be modulated in the same man-
ner as NTP (fig. 2A). The NTP mRNA levels were high-
est in the insulin-stimulated intermediate in IGF-1-stimu-
lated cells and lowest in the NGF-stimulated cells (P <
0.001 for intergroup differences). NOS-3 mRNA expres-
sion also increased with insulin stimulation, although the
levels were substantially lower than those of NTP. In con-
trast, APP mRNA levels were not increased by insulin,
IGF-1 or NGF stimulation, indicating that the APP gene
was not transcriptionally modulated by growth factor
stimulation under the experimental conditions employed. 
Western blot analysis of SH-Sy5y cells cultured for 24 h
in 0.5% FCS (control), insulin, IGF-1 or NGF demon-
strated high levels of NTP immunoreactivity in insulin-
and IGF-1-stimulated cells, and relatively low levels of
NTP in control and NGF-stimulated cells (figs 2B, C). In
these studies, NTP was detected using a cocktail of mon-
oclonal antibodies (N3I4, N2J1, N2U6) to demonstrate
supershifted (probably phosphorylated) forms of NTP.
Tau protein expression was simultaneously studied and
found to be modulated by growth factor stimulation;
however, the highest levels of tau were observed in IGF-
1- and NGF-stimulated cells rather than insulin-stimu-
lated cells (figs 2B, D). As a negative control, total Erk
MAPK protein levels were also assayed and found to not
vary with growth factor stimulation (figs 2B, E). Corre-
sponding with the real-time RT-PCR results, NOS-3 and
APP proteins were also not substantially modulated by
growth factor stimulation (data not shown). 
The time course analyses of growth factor-stimulated
NTP turnover/stability and expression were performed to
assess the dynamics of NTP protein turnover and intracel-
lular accumulation. Cells were serum-starved for 16 h,
then stimulated with insulin or IGF-1. To examine NTP
protein stability, the cells were metabolically labeled for 
3 h with [35S]Met/Cys, and then incubated for up to 2 h in
isotope-free medium with continued growth factor stimu-
lation. NTP was immunoprecipitated from the cell lysates,
fractionated by SDS-PAGE and detected by autoradiogra-
phy. The identity of the NTP molecules was confirmed by
Western blot analysis of the immunoprecipitates. Radio-
labeled, newly synthesized NTP molecules were found to
persist longer in the insulin-compared with IGF-1-stimu-
lated cells (fig. 3A), indicating increased stability and
slower turnover with insulin stimulation. 
To examine the effects of insulin stimulation on NTP pro-
tein levels over time, Western blot analysis was per-
formed with cells that had been growth-factor deprived
for 16 h, then stimulated with 50 nM insulin for 0, 6, 12,
18, 24 or 48 h. The levels of immunoreactivity were mea-
sured using digital image densitometry. After 16 h of
growth factor deprivation (time 0), NTP protein expres-
sion was very low level. With increasing duration of in-
sulin stimulation, the levels of the ~39–45-kD NTP pro-

tein progressively increased and were highest at the 48-h
time point (figs 3B, C). The smaller mass NTP-im-
munoreactive proteins were initially detected after nearly
18 h of insulin stimulation (fig. 3B). 

Signaling pathways regulating NTP expression
To determine potential mechanisms by which insulin reg-
ulates NTP expression, SH-Sy5y cells were pretreated for
2 h with one of the kinase modulators listed in table 2, and
stimulated with insulin for 24 h. NTP mRNA levels were
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Figure 3. Time course analysis of growth factor-stimulated NTP
expression and stability in SH-Sy5y cells. (A) Cells were stimulated
with 50 nM insulin or 25 nM IGF-1. The cells were then metaboli-
cally labeled with [35S]-Methionine/Cysteine for 3 h, followed by a
further incubation in isotope-free defined medium for up to 2 h.
[35S]-labeled NTP molecules were immunoprecipitated with the
N3I4 monoclonal antibody, fractionated by SDS-PAGE, transferred
to PVDF membranes and detected by film autoradiography. Equiv-
alent amounts of protein were loaded in each lane. (B) Insulin-stim-
ulated NTP protein expression and accumulation. Subconfluent
cultures of SH-Sy5y cells were growth factor deprived for 16 h,
then stimulated with 50 nM insulin for 6, 12, 18, 24 or 48 h. Pro-
teins extracted from the cells were evaluated by Western blot analy-
sis using the N3I4 monoclonal antibody to NTP. Immunoreactivity
was detected using horseradish peroxidase conjugated secondary
antibody and ECL reagents. Equivalent amounts of protein were
loaded into each lane. The positions of molecular weight standards
are shown at the left of each panel. The broad bands represent un-
resolved doublets as shown in figures 1B–E. (C) Densitometric
analysis of the Western blot signals shown in (B). The levels of im-
munoreactivity were measured using the Kodak Digital Science
Imaging Station, and the values posted (mean ± S.D.) represent ar-
bitrary densitometry units (D.U.).



measured by quantitative real-time RT-PCR. NOS-3 and
APP mRNA levels were simultaneously measured. To
make comparisons among the three different genes, the
results were expressed as mean percentage differences
from the corresponding insulin-stimulated controls,
which were designated as 100% within each data set (fig.
4). The results showed that NTP mRNA levels were unaf-
fected by treatment with the PD98059 MEKK inhibitor,
but significantly reduced by treatment with chemical in-
hibitors of GSK-3b, p38 MAPK, cyclin-dependent ki-
nase 5 (CDK-5) and protein kinase A (fig. 4A). Western
blot analysis with digital image quantification demon-
strated similar effects of each kinase inhibitor on the rel-
ative changes in NTP protein expression (fig. 4B). Paral-
lel studies demonstrated substantially different effects of
the kinase inhibitors on NOS3 and APP mRNA levels in
the same insulin-stimulated cells. NOS-3 mRNA expres-
sion was increased by treatment with inhibitors of
MEKK, p38 MAPK or PKA, and decreased by inhibitors
of CDK-5 and GSK-3b (fig. 4C). APP mRNA levels
were also strikingly increased by pretreatment with the
PKA inhibitor and decreased by pretreatment with the
CDK-5 or GSK-3b inhibitor (fig. 4D). Therefore, NTP,
APP and NOS-3 share in common the positive regulation
of gene expression by GSK-3b signaling.

Insulin modulation of NTP phosphorylation
To demonstrate NTP phosphorylation, cells were meta-
bolically labeled with [32P], and NTP was immunopre-
cipitated using the cocktail of monoclonal antibodies. 
Immunoprecipitates were fractionated by SDS-PAGE,
transferred to PVDF membranes and detected by auto-
radiography. [32P]-labeled clusters (~39–60 kD) were ob-
served in both insulin- and IGF-1-stimulated cells. How-
ever, pulse-chase metabolic labeling studies demon-
strated that phosphorylation of NTP was more prolonged
with insulin compared with IGF-1 stimulation (data not
shown). Phospho-amino acid analysis using two-dimen-
sional electrophoresis and autoradiography detected
phospho-Serine residues in NTP immunoprecipitated
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Figure 4. Signaling pathways regulating insulin-stimulated NTP
expression: SH-Sy5y cells were pretreated with one of the kinase
modulators listed in table 2 and stimulated with insulin for 24 h. (A)
Cells were analyzed by real-time quantitative RT-PCR to examine
changes in the levels of NTP mRNA with defined growth factor
stimulation. (B) NTP protein levels were measured by Western blot
analysis with digital image quantification. Values (mean ± S.D.) are
posted in arbitrary densitometry units (D.U.). Parallel real-time
quantitative RT-PCR studies were use to measure (C) NOS3 and (D)
APP mRNA transcripts in the same samples. Con, insulin only;
PD9, PD98059; I35, indirubin-3¢-monoxime, 5-iodo; SB2,
SB202190; But, butyrolacetone; H89, H89539; I3- Indirubin-3¢-
monoxime. See table 2 for concentrations used and the specific ki-
nases targeted for inhibition. All cultures were stimulated with 50
nM insulin (*at least P < 0.01 relative to the corresponding insulin-
stimulated control).



from insulin or IGF-1 stimulated cells (fig. 5A). Corre-
spondingly, phospho-Serine immunoreactivity was de-
tected in NTP immunoprecipitates obtained from cells
stimulated with insulin or IGF-1, but not in unstimulated
cells or immunoprecipitates generated with a nonrelevant
antibody to hepatitis B virus surface antigen (fig. 5B).
Western blot analysis of [32P]-labeled NTP immunopre-
cipitates using a different NTP monoclonal antibody
(N2D12) confirmed that phospho-proteins detected were
indeed NTP molecules (data not shown). Anti-phospho-
Serine Western blot analysis of NTP immunoprecipitates
was used to determine the time course of NTP phospho-
rylation in relation to insulin stimulation. Those studies
demonstrated peak levels of phosphorylated NTP after 
60 min of insulin stimulation (fig. 5C). 
To identify the kinases that may regulate NTP phospho-
rylation, SH-Sy5y cells were pretreated for 2 h with a sin-
gle kinase inhibitor (table 2), then stimulated with insulin
for 30 min. NTP immunoprecipitates were probed with
antibodies to phospho-Serine by Western blot analysis.
The levels of immunoreactivity were measured by band-
scanning digital image quantification. The studies
demonstrated reduced levels of phospho-NTP in cells
treated with Indirubin-3¢-monoxime, 5-iodo, LiCl (data
not shown), butyrolacetone or SB202190, and increased
levels of phospho-NTP in cells treated with LY294002 or
chelerythrine chloride (figs 5D, E). Further in vitro stud-
ies demonstrated that GSK-3 could phosphorylate puri-
fied recombinant NTP, whereas Erk MAPK was ineffec-
tive in this regard (fig. 5F).

NTP interactions with neuronal cytoskeletal proteins
There are three independent lines of evidence suggesting
that NTP may have a functional role in relation to the neu-
ronal cytoskeleton. (i) In situ studies of human brain tis-
sue demonstrated increased levels of NTP colocalized
with phospho-tau-immunoreactive cytoskeletal AD le-
sions [2]. (ii) In vitro experiments demonstrated in-
creased levels of phospho-tau in neuronal cells trans-
fected with the AD7c-NTP gene [10, 11]. (iii) In the pre-
sent report, subcellular fractionation studies detected
NTP predominantly within the cytoskeletal fraction.
Therefore, it was of interest to determine whether NTP
could physically associate with microtubule-associated
proteins. 
Direct Western blot analysis detected the expected
~39–45 kD NTP proteins. However, under nonreducing
conditions, we also detected slower migrating proteins
(>110 kD) with NTP immunoreactivity (fig. 6A, left).
Anti-NTP immunoblotting of NTP immunoprecipitates
confirmed the presence of supershifted NTP-immunore-
active proteins (fig. 6A, right). Direct Western blot analy-
sis of SH-Sy5y cell lysates using polyclonal antibodies to
tau or monoclonal antibodies to MAP-1b demonstrated
the expected bands corresponding to these proteins (figs

6B, D). Immunoprecipitation/Western blot analysis
demonstrated tau and MAP-1b immunoreactivity in NTP
immunoprecipitates (figs 6C, E), and NTP immunoreac-
tivity in tau (data not shown) and MAP-1b immunopre-
cipitates (fig. 6F). The proteins detected by Western blot
analysis of immunoprecipitates had retarded migration
(larger masses) relative to the proteins detected by direct
Western blot analysis under nonreducing conditions. 
A potential consequence of protein-protein interaction is
ubiquitin-mediated degradation of the complex as a
mechanism for regulating turnover of the molecules. To
assess the potential biological relevance of the NTP in-
teractions with microtubule-associated proteins, ubiqui-
tin immunoreactivity was examined by direct Western
blot analysis and Western blot analysis of NTP immuno-
precipitates. Those studies revealed the expected broad
size range of ubiquitin immunoreactivity in the cell
lysates (fig. 6G), as well as abundant ubiquitin im-
munoreactivity in NTP immunoprecipitates (fig. 6H).
Negative control studies demonstrated abundant expres-
sion of aspartyl-(asparaginyl) b-hydroxylase (AAH) [23,
24] in SH-Sy5y cells (fig. 6I), and absent AAH im-
munoreactivity in the NTP immunoprecipitates (fig. 6J).

Discussion

This study characterizes growth factor modulation of
NTP expression in SH-Sy5y human neuronal cells. Using
antibodies generated against the recombinant protein,
AD7c-NTP, we detected ~39–45 kD and ~18–21 kD
NTP-immunoreactive proteins in SH-Sy5y cells, rat cere-
bral cortex and human temporal lobe. These profiles of
NTP expression were previously demonstrated in human
brain tissue and cerebrospinal fluid, together with the
finding of significantly higher levels of NTP immunore-
activity in AD compared with age-matched control sam-
ples [1–4, 6, 25]. The readily detectable expression of
NTP in a human neuronal cell line provides a useful in
vitro model for investigating the regulation and potential
function of this gene.
The quantitative real-time RT-PCR and Western blot
analysis studies demonstrated that NTP gene expression
was robustly increased by insulin stimulation. Although
IGF-1 also stimulated NTP expression, it was less effec-
tive than insulin, and in NGF-stimulated cells, NTP
mRNA was virtually undetectable. These observations
provide the first clear evidence that NTP expression is
prominently regulated by insulin, and to a lesser degree
by IGF-1, and suggest that NTP expression in the brain
may be highest in neurons that express abundant levels of
insulin and/or IGF-1 receptors. These findings are of fur-
ther interest because NTP expression is developmentally
regulated [13], and insulin and IGF-1 have important
roles in neuronal growth, survival and differentiation
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Figure 5. NTP phosphorylation following insulin or IGF-1 stimulation: SH-Sy5y cells were stimulated with 50 nM insulin or 25 nM IGF-
1 and metabolically labeled with [32P]-orthophosphate for 2 h, then further incubated for up to 24 h in isotope-free defined medium with
continued growth factor stimulation. [32P]-labeled NTP molecules were immunoprecipitated with a cocktail of monoclonal antibodies
(N3I4, N2J1, N2U6). The proteins were fractionated by SDS-PAGE, transferred to PVDF membrane and detected by film autoradiogra-
phy. The positions of NTP proteins (arrowheads) were verified by Western blot analysis of the membrane. (A) Phospho-amino acid analy-
sis was used to identify phosphorylated amino acids in NTP. The radiolabeled band corresponding to [32P]-labeled NTP was excised, and
the eluted proteins were subjected to acid hydrolysis followed by two-dimensional electrophoresis and autoradiography (see ‘Methods’).
Positive control ninhydrin-stained phospho-Serine (pSer), phospho-Threonine (pThr) and phospho-Tyrosine (pTyr) standards that were
comigrated with the samples are shown in A1. pSer was the only phospho-amino acid signal detected in NTP (A2). Other spots in A2 cor-
respond to inorganic phosphate (Pi) and phospho-peptides (pPEP). (B) Anti-pSer Western blot analysis of NTP immunoprecipitates from
unstimulated (control), and insulin- or IGF-1-stimulated SH-Sy5y cells. The negative control lane (Neg) corresponds to results obtained
when nonrelevant antibody to hepatitis B virus was used for immunoprecipitation. (C) The time course of insulin-stimulated phosphoryla-
tion of NTP was assessed by anti-pSer Western blot analysis of NTP immunoprecipitates. (D) To determine potential mechanisms by which
insulin regulates NTP phosphorylation, cells were pretreated with one of the kinase inhibitors listed in table 2 and then stimulated with in-
sulin for 2 h. Cells were analyzed by anti-pSer Western blot analysis of NTP immunoprecipitates. (E) The phospho-NTP Western blot sig-
nals (doublet bands just below the 45-kD standard as shown in (D) were scanned, and the densities were quantified using the Kodak Digi-
tal Science Image Station. The graph depicts the relative levels of phospho-NTP (densitometry units, D.U.) in cells stimulated with insulin
and treated with vehicle, or one of the kinase inhibitors including Indirubin-3¢-monoxime, 5-iodo (I35); chelyrithrine chloride (Chel);
LY294002 (LY2); Indirubin-3¢-monoxime (I3); butyrolacetone (But); SB202190 (SB2) or PD98059 (PD9). See table 2 for concentrations
used and the kinase targeted by each inhibitor (*P < 0.01 relative to the insulin-stimulated control). (F) In vitro phosphorylation of re-
combinant NTP. Reactions were performed in the presence of [g32P]ATP, recombinant NTP protein, and activated Erk MAPK or GSK-3b.
NTP immunoprecipitates were fractionated by SDS-PAGE, and the radiolabeled products were detected by autoradiography. In B, C, D,
and F, the positions of molecular weight standards are shown at the left with arrows.



[26–29]. Moreover, emerging evidence suggests that
some aspects of AD-associated pathology may be linked
to alterations in insulin signaling or function in the brain
[26, 29, 30]. Although tau protein levels were also modu-
lated by growth factor stimulation, in contrast to NTP,
IGF-1 and NGF were more effective than insulin. The se-
lectivity of the observed growth factor-stimulated re-
sponses was further demonstrated by the modest or ab-
sent modulation of NOS-3, APP and Erk MAPK expres-
sion in the insulin- and IGF-1-stimulated cells. Together,
these results suggest that NTP expression is regulated
somewhat differently from molecules such as tau, APP

and NOS-3, which are also implicated in the pathobiol-
ogy of AD [20, 21, 31–34]. The differential effects of in-
sulin compared with NGF were not due to poor cellular
responses to NGF since tau protein was robustly upregu-
lated by NGF stimulation.
To characterize the signaling pathways that mediate in-
sulin-stimulated NTP expression, the cells were pre-
treated with kinase inhibitors, and insulin-stimulated
NTP expression was measured using quantitative real-
time RT-PCR and Western blot analysis. The results
showed that NTP mRNA and protein levels were signifi-
cantly reduced in cells that were treated with inhibitors of
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Figure 6. Coimmunoprecipitation of NTP with neuronal microtubule-associated proteins and ubiquitin. (A) Direct Western blot analysis
(NTP-WB), and Western blot analysis of NTP immunoprecipitates (NTP-IP/NTP-WB) using antibodies to NTP. (B) Western blot analysis
detection of tau expression in SH-Sy5y cells. (C) Tau immunoreactivity in NTP immunoprecipitates. (D) MAP-1b expression in SH-Sy5y
cells. (E) NTP immunoreactivity in MAP-1b immunoprecipitates. (F) MAP-1b immunoreactivity in NTP immunoprecipitates. (G) Ubiq-
uitin immunoreactivity in SH-Sy5y cells. (H) Ubiquitin immunoreactivity in NTP immunoprecipitates. As a negative control, (I) Western
blot analysis was used to detect aspartyl-(asparaginyl)-b-hydroxylase (AAH) in SH-Sy5y cells and (J) demonstrate the absence of AAH
immunoreactivity in NTP immunoprecipitates. The positions of molecular weigh standards are shown at the left of each panel.



p38 MAPK, Cdk-5, GSK-3b or PKA. However, the GSK-
3b inhibitors were most effective and nearly abolished
NTP expression, suggesting that GSK-3b activity pro-
motes NTP expression. Although high levels of GSK-3b
activity promote apoptosis [35, 36], physiological levels
of GSK-3b inhibit growth and proliferation mechanisms
[37–39], and promote cytoskeletal assembly [40–44].
Since activation of p38 MAPK [45] or overexpression of
cdk-5 [46] can result in increased levels of GSK-3b ac-
tivity, the observed moderate inhibition of NTP following
inhibition of those kinases may have been due to indirect
inhibition of GSK-3b. On the other hand, the reduced lev-
els of NTP observed in cells treated with the PKA in-
hibitor may have been mediated by a different mechanism
or pathway, since PKA typically inhibits GSK-3b by
phosphorylating Akt kinase [47, 48] and therefore a PKA
inhibitor would be expected to increase GSK-3b activity.
Similarly, p38 MAPK and Cdk-5 may also function
through GSK-3b-independent mechanisms to upregulate
NTP expression.
Additional studies showed that the levels of both NOS-3
and APP mRNA were prominently increased in cells
treated with a PKA inhibitor and reduced in cells treated
with an inhibitor of GSK-3b, Cdk-5 or p38 MAPK. These
results suggest that the NTP, NOS-3 and APP genes are
transcriptionally modulated by similar mechanisms in in-
sulin-stimulated neuronal cells. In this regard, GSK-3b
seems to have a pivotal role. On the other hand, the find-
ing that insulin signaling through PKA stimulates NTP
but inhibits NOS-3 and APP provides evidence for distinct
mechanisms by which these genes are regulated. The im-
plication of these findings is that in AD, abnormalities in
the expression or function of genes that have been linked
to neurodegeneration may arise through complex mecha-
nisms, some of which may be shared and others distinct. 
The studies showed that NTP was phosphorylated on Ser-
ine residues following insulin or IGF-1 stimulation. The
kinase inhibitor studies demonstrated reduced levels of
phosphorylated NTP in cells treated with inhibitors of
GSK-3b, and increased levels of phospho-NTP in cells
treated with LY294002, which inhibits phosphatidylino-
sitol-3-kinase (PI3) kinase, or chelerythrine chloride,
which inhibits PKC. Since inhibition of PI3 kinase [49]
or PKC [50–52] could result in increased levels of GSK-
3b activity, additional in vitro kinase studies were used to
demonstrate that recombinant NTP could be phosphory-
lated by GSK-3b. These results correspond well with the
computer-assisted subsequence analysis which predicted
the presence of 14 GSK-3b phosphorylation sites on NTP
[1], and are of particular interest because GSK-3b also
phosphorylates tau [43, 53] and MAP-1b [40, 41], which
accumulate in degenerating AD brain neurons.
Insulin- and IGF-1-stimulated signaling through PI3 ki-
nase and Akt typically lead to inhibition of GSK-3b activ-
ity. However, this effect generally occurs within 10 or 15

min of adding the growth factors, and subsequently, as Akt
activity subsides, GSK-3b activity resurges [54]. In our
experiments, peak levels of NTP phosphorylation were ob-
served 60 min after adding insulin or IGF-1 to the culture
medium. Therefore, the observed phosphorylation of NTP
could not have represented a direct effect of insulin or IGF-
1 stimulation, and instead probably corresponded to the
poststimulatory state in which PI3 kinase and Akt were no
longer activated and GSK-3 was disinhibited. 
Phospho-tau-immunoreactive neuronal cytoskeletal le-
sions represent one of the characteristic CNS abnormali-
ties that correlate with dementia in AD [55–58]. The
colocalization of AD7c-NTP immunoreactivity with
phospho-tau in brains with AD [2], and the finding that
phospho-tau and NTP increase coincidentally early in the
course of AD [6] suggested a link between these two mol-
ecules in relation to AD-type neurodegeneration. We per-
formed studies to investigate potential physical interac-
tions between NTP and tau or MAP-1b. The studies
showed that NTP proteins were abundantly distributed in
the cytoskeletal fraction, and that both tau and MAP-1b
were coimmunoprecipitated with NTP. Therefore, NTP
has a subcellular localization that permits its physical as-
sociation with neuronal microtubule-associated proteins.
Although the functional significance of NTP-tau and
NTP-MAP-1b complexes has not yet been determined,
further studies demonstrating increased ubiquitin im-
munoreactivity in the NTP immune complexes suggest a
role for NTP in the processing, degradation or turnover of
neuronal cytoskeletal proteins, as would be required for
growth, neuritic sprouting and synaptic plasticity. Aber-
rant neuritic sprouting with increased levels of cytoskele-
tal and growth-associated proteins represents another
characteristic dementia-associated abnormality in AD
[59–62].
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