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Abstract

The present study characterized the nerve growth factor (NGF)-mediated regulation of tau protein
expression and transcription in IMR32 human neuroblastoma cells. Treatment of IMR32 cells with
50 ng/mL NGF resulted in increased levels of specific tau protein isoforms. A 550 bp fragment of
the tau promoter was cloned and treatment of transfected IMR32 and PC12 cells with NGF also
resulted in increased promoter activation, suggesting that the NGF-mediated increase in tau iso-
forms is regulated, at least in part, at the level of transcription. Pretreatment with the MAP kinase
inhibitor U0126 or the PKC inhibitor bisindolylmaleimide 1 (BIS-1) attenuated the NGF-mediated
increase in tau transcription, indicating that the NGF-mediated activation of the MAP kinase and
PKC signaling pathways modulate tau transcription. Pre-treatment of cells with the Akt inhibitor,
LY294002 or with NOS inhibitors N«-nitro-L-arginine methylester (L-NAME) or s-methylisothiou-
rea (S-MIU) had no effect on the NGF-mediated increase in tau promoter activation, suggesting that
NO and the NGF-Akt signaling pathway do not modulate tau transcription. Taken together, these
data demonstrate that NGF increases the levels of multiple human tau isoforms in IMR32 cells
which may result, at least in part, from NGF-mediated PKC and MAP kinase-induced tau transcrip-
tion.
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1. Introduction

The microtubule associated protein tau is found predominately in the axons of neurons and functions in micro-
tubule assembly and stabilization, enabling axonal transport of cellular components back and forth from the cell
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body to the synapse [1]-[4]. Overexpression of tau protein impairs anterograde axonal transport of cellular
components required for axon and synaptic maintenance [5] and hyperphosphorylation of tau results in the for-
mation of paired helical filaments which aggregate to form neurofibrillary tangles that impair neuronal func-
tioning and contribute to cell death [6]-[12].

Axonal tau comes from a single gene, located on chromosome 17g21.1 in humans, which is alternatively
spliced into 6 isoforms in the adult human brain [6] [13]. The tau gene produces 2, 6 and 8 kb transcripts which
are differentially regulated depending on tissue type and developmental stage [6] [14]. The 2 kb transcript tar-
gets tau to the nucleus, the 9 kb transcript is specific to the retina and peripheral nervous system and the 6 kb
transcript is translated into axonal tau isoforms [15] [16]. The six axonal isoforms are comprised of 352 to 441
amino acids which generate proteins that usually fall into the range from 45 to 67 kDa [17] [18].

The axonal tau isoforms differ in two ways: 1) the carboxy-terminal presence of either 3 or 4 microtubule
binding repeats (R), which are 31 to 32 amino acids long and 2) the absence (ON) or presence of either a 29 (1N)
or 58 (2N) amino acid insert in the amino-terminus (N). These differences result in six tau isoform combinations
that are referred to as 3RON, 4RON, 3R1N, 4R1N, 3R2N and 4R2N (reviewed in [19]). In addition to its coding
region, the tau gene has a 5’ exon designated-1 that is transcribed but not translated as well as 3’ untranslated
regions which may be involved in the regulation of alternative splicing, subcellular localization and mRNA sta-
bility [20]. Splicing of tau RNA is complex and tightly regulated, with isoforms being expressed differently
based on developmental stage and neuronal subpopulations [6] [18]. However upstream of exon-1, the tau pro-
moter is TATA-less and has many CG rich regions, which is more characteristic of a housekeeping gene than
one whose expression is tightly regulated [14].

In addition to being differentially regulated during development, the tau gene can also be regulated by growth
and transcription factors. Several studies have demonstrated that nerve growth factor (NGF) increases tau tran-
scription in PC12 cells [17] [21] [22]. Heicklen-Klein et al. [23] demonstrated that the proximal portion of the
rat tau promoter (—196 to +66) is activated by NGF in PC12 cells and that Sp1 and AP-2 transcription factors are
responsible for the enhanced NGF responsiveness of this promoter fragment [23] [24]. Andreadis et al. [14] in-
vestigated a section of the human tau promoter upstream of exon-1 and found that the activation of this promoter
was not different in Hela cells versus human neuroblastoma SKN cells, suggesting the neuronal specificity of
the tau promoter was located outside of this promoter segment. The first objective of the present study was to
evaluate the effect of NGF on human tau isoform expression and transcription.

Nitric oxide (NO) has been identified as an important modulator of NGF-mediated signaling and gene expres-
sion. In PC12 cells, NGF increases the expression of all three NO synthase (NOS) isozymes [25]-[27] and pre-
treatment with NOS inhibitors attenuates NGF mediated neurite outgrowth [25] [26] [28] [29]. We have also
demonstrated that NO modulates NGF-mediated MAP kinase [30] and Akt [31] signaling, NGF-enhanced cho-
line acetyltransferase activity and mRNA expression [25] and the NGF-induced expression of amyloid precursor
protein [28] [32] and low density lipoprotein receptor-related protein 1 [33]. The second objective of the present
study was to evaluate the role of NO and NGF signaling pathways in the NGF-mediated regulation of tau tran-
scription.

Many studies looking to elucidate mechanisms involved in neuronal gene expression have been conducted in
PC12 cells as these cells take on a cholinergic phenotype when differentiated with NGF [25] [34]. However, the
IMR32 cell line has been identified as a good model for studying tau regulation as these cells have been shown
to develop fibrillar structures that react to imunoprobes for paired helical filaments, the main constituents of
neurofibrillary tangles [35]. In the present study, the NGF-mediated regulation of human tau protein expression
was assesed in IMR32 cells and the transcriptional regulation of tau investigated in both IMR32 and PC12 cells.

2. Materials and Methods
2.1. Cell Culture and Treatments

IMR32 cells (ATCC, Manassas, VA, USA) were grown in Gibco® modified Eagle’s medium (MEM; Life
Technologies, Burlington, ON, CAN) containing 10% fetal bovine serum (Hyclone, Logan, UT, USA), sodium
pyruvate (1 mM) and 50 pg/mL gentamycin (Life Technologies). For protein analysis IMR32 cells were plated
at a density of one million cells per 100 mm cellbind® plate (Corning, Lowell, MA, USA) the day before treat-
ment. To establish a time course for NGF-mediated tau expression, IMR32 cells were left untreated (control) or
treated with 50 ng/mL NGF (2.5 S Harlan Bioproducts, Indianapolis, IN, USA) and harvested at 24 h intervals
for a maximum of 96 h. To evaluate the mechanisms involved in the NGF-mediated activation of tau, specific
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NGF signaling pathway or NOS inhibitors were added to the culture media 1 h prior to the addition of NGF (50
ng/mL). The inhibitor doses included 10 uM LY294002 (Calbiochem, San Diego, CA, USA; inhibits PI-3 ki-
nase-mediated activation of Akt), 50 uM U0126 (Calbiochem; inhibits MEK1/2), the PLC-PKC inhibitors
U-73122 and bisidolylmaleimide 1 (BIS-1; Calbiochem), 10 uM and 5 puM, respectively, 20 mM N“-nitro-L-
arginine methylester (L-NAME; Sigma Aldrich, St. Louis, MO, USA; non-selective NOS inhibitor) and 2 mM
s-methylisothiourea (S-MIU; Sigma; iNOS selective inhibitor). These inhibitors and doses were selected based
on our previous studies on NGF-mediated signaling and gene expression in PC12 cells [25] [28] [30]-[33]. Me-
dia and treatments were replaced every 48 h.

2.2. Western Immunoblotting

Cells were rinsed with ice cold phosphate-buffered saline (PBS) followed by lysis in 250 pL of radioimmuno-
precipitation assay (RIPA) buffer (final concentration: 50 mM Tris, 150 mM NaCl, 1% NP-40, 0.25% sodium
deoxycholate, 0.5% sodium dodecylsulfate (SDS), 1 mM each of EDTA, sodium fluoride and sodium orthova-
nadate and one complete mini EDTA free tablet (Roche Diagnostics, Laval, QC, CAN)/10 mL of buffer). Sam-
ples were sonicated and the protein content of the supernatant determined by the method of Bradford [36]. Dup-
licate aliquots of some samples were dephosphorylated using 10 pL alkaline phosphatase (Roche Diagnostics)
and 10 pL of the accompanying 10x dephosphorylation buffer (0.5 M Tris-HCI, 1 mM EDTA, pH 8.5), incu-
bated at 37°C for 60 min. Protein samples (100 pg) were boiled in SDS sample buffer with dithiothreitol (Cell
Signaling Technology, Danvers, MA, USA) and a human tau protein ladder (Sigma Aldrich) was run alongside
protein samples to identify tau isoform expression in the IMR32 cell line. Protein samples and standards were
loaded onto 10% SDS/polyacrylamide separating gels and after electrophoresis, proteins were transferred onto
nitrocellulose membranes using a semi-dry unit (Bio-Rad Laboratories, Mississauga, ON, CAN) with transfer
buffer (48 mM Tris, 39 mM Glycine, 0.04% SDS and 20% methanol). After transfer, membranes were rinsed in
tris-buffered saline (TBS; Tris 4 mM, NaCl 27.4 mM, pH 7.6) containing 0.1% Tween-20 (TBS-T) for 5 min
then blocked for 1 h in TBS-T containing 5% skim milk and incubated overnight with mouse monoclonal tau
antibody (Chemicon MAB3420; EMD Millipore, Billerica, MA, USA), 1:2500 in TBS-T with 5% skim milk.
Blots were rinsed and incubated for 1 h with sheep anti-mouse 1gG-horseradish peroxidase-conjugated second-
ary antibody (NA931; Amersham/GE Health Care, Piscataway, NJ, USA) 1:2000 in TBS-T with 5% skim milk
followed by enhanced chemiluminescence (ECL; GE Healthcare). Protein bands were visualized using the
STORM 860 scanner (Molecular Dynamics, subsidiary of Amersham) and densitometry was performed using
Imagequant software (Molecular Dynamics). Following the detection of tau, blots were stripped and reprobed
with mouse monoclonal a-tubulin antibody (1:50,000) in TBS-T containing 5% skim milk as described above.

2.3. Cloning of the Human Tau Promoter

IMR32 cells were plated on a 100 mm cell culture dish and grown to 90% confluency. Media was aspirated and cells
were rinsed with cold PBS prior to isolating DNA with the DNeasy tissue kit (Qiagen, Mississauga, ON, CAN) ac-
cording to the manufacturer’s directions. A 550 bp fragment of the tau promoter was amplified by polymerase chain
reaction (PCR) using forward and reverse primers that included a Kpn 1 and Nhe 1 restriction site, respectively.
Primer sequences were forward: 5’-CAGTGGTACCGACAATCTCTAGCTGG CCCTTAAAACATTC-3’ and
reverse: 5’-CATAGCTAG CCTCCTGTAGTTGGAGTCTTTGTGTCG-3’. Purified PCR product (20 L) and 6
ug of purified PGL3 basic vector (Promega Corporation, Madison, WI, USA) were digested with the restriction
enzymes Kpn 1 and Nhe 1 (2 pL each; New England BioLabs, Ipswich, MA, USA) in NEBuffer 4 with BSA at
37°C for 1 h. Following 20 min of heat inactivation at 65°C samples were separated on a 1.5% agarose gel. The
digested vector and PCR products were extracted from the gel and purified using the montage gel purification
kit (EMD Millipore) and incubated with DNA ligase (Roche Diagnostics) at room temperature overnight. DNA
from colonies of transformed DH5a cells (Life Technologies) was purified by alkaline lysis and the identity of
the isolated DNA verified by restriction digest followed by DNA purification and sequencing (University of
Guelph, Guelph Molecular Supercenter). DNA for transfections was purified using the Invitrogen Purelink Hi-
Pure Plasmid Filter purification kit (Life Technologies) according to the manufacturer’s directions.

2.4. Luciferase Assays

One day prior to transfection, IMR32 cells were plated onto 12 well dishes at a density of 300,000 cells per well

(=)



C. L. Cragg, B. E. Kalisch

in 2 mL media. Since the transfection efficiency and viability of the IMR32 cells was not as high as our previous
experiments with PC12 cells, similar experiments were also conducted with PC12 cells. These cells were plated
onto 12 well dishes at a density of 200,000 cells per well. On the day of transfection, media in each well was re-
placed with 1 mL antibiotic free media. Transfection solution containing 100 pL Opti-MEM medium (Life
Technologies), 2 yL transfectin (Bio-Rad Laboratories), 1 pg tau promoter DNA and 0.5 pg S-galactosidase
control vector DNA per well was prepared and incubated at room temperature for 30 min prior to its addition to
the cell culture media. After 4 to 6 h of exposure to the transfection solution, the media was replaced with 2 mL
of regular cell culture media.

The following day, cells were left untreated (control) or treated with NGF (50 ng/mL) or one of the inhibitors
either alone or in combination with NGF. All treatments were administered to triplicate wells and inhibitors
were added 1 h prior to NGF. Twenty-four h after NGF treatment cells were harvested in 200 pL 1x passive ly-
sis buffer (Promega). Duplicate supernatant aliquots (20 puL for both luciferase and f-galactosidase analysis)
were added to a 96-well plate. Prior to determining S-galactosidase activity, 25 pL Galacton, diluted 1:100 with
reaction buffer diluent (Aurora Galacto-light kit, MP Biomedicals, Irvin, CA, USA) was added to each well and
incubated for 30 to 60 min. The 96-well plates were read using a FLUOSstar optima plate reader luminometer
(BMG; Fisher Scientific, Ottawa, ON, CAN) which added 50 pL of the appropriate Accelerator reagent to each
well immediately prior to luminescence quantification. For luciferase (Promega) the signal was read for 10 s
following a 2 s delay and for g-galactosidase (Galacto-light) the signal was read for 1 s.

2.5. Data and Statistical Analysis

Following densitometric analysis with Image Quant, tau isoform protein levels were expressed relative to a-tu-
bulin levels from the same sample. Luciferase values were normalized to f-galactosidase values from the same
sample to control for transfection efficiency. All data are presented as the mean = SEM and Graphpad Instat was
used to analyze raw data. For most studies, sample size consisted of a minimum of 5 experiments. Statistical
analysis was carried out by one-way analysis of variance (ANOVA) followed with Tukey-Kramer multiple
comparisons post-hoc test. If data failed Bartlett’s test for comparable standard deviations or did not follow
Gaussian distributions according to testing using the Kologorov and Smirnov method then data were assessed
with the non-parametric ANOVA equivalent, the Kruskal-Wallace test, followed by Dunn’s multiple compari-
sons test.

3. Results
3.1. Expression of Tau Protein Isoforms in IMR32 Cells

A representative western blot depicting tau isoform expression in untreated (control) and NGF treated IMR32
cell lysates is shown in Figure 1. To identify the various tau isofoms, IMR32 cell extracts and dephosphorylated
cell extract were compared to a tau protein ladder containing the six human tau isoforms (Sigma; data not
shown). The smallest molecular weight isoform (ON3R) is the lowest band of the tau ladder and corresponds to
the lowest molecular weight band detected in the upper panel of Figure 1. The other isoforms, in order from
smallest to largest molecular weight, ON4R, 1N3R, 1N4R, 2N3R, 2N4R appear above this band on the tau pro-
tein ladder and most were detected in the IMR32 cell lysates. As seen in Figure 1, the density of the tau bands
detected in IMR32 cell lysates appeared to be greater for the ON4R and 1N3R isoforms as compared to the other
isoforms. The ON3R and 1N4R isoforms were also detected consistently and could be reliably quantified. The
2N3R isoform was only detected in extracts obtained from IMR32 cells treated with NGF, indicating the ex-
pression of this isoform increased following NGF treatment, however this isoform was not detected consistently
in all samples or on all blots and was therefore not quantified. The 2N4R isoform was rarely detected in cell ex-
tracts and was only observed on 50% of the blots analyzed. This isoform was also not quantifiable. Since de-
phosphorylated samples did not exhibit a different isoform band pattern from their unphoshorylated counterparts
(not shown), all analysis of tau protein was completed using cell extract samples that were not dephosphory-
lated.

Densitometric analysis of tau protein revealed differential temporal regulation of tau isoforms following NGF
treatment (Figure 2). Significant differences in the level of the ON3R isoform were detected following NGF
treatment (F(4, 55) = 3.979, p = 0.0066), with a significant increase observed following 72 h of NGF exposure
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Figure 1. Tau isoform expression in control and NGF-treated IMR32 cells. Representative western blot obtained from
IMR32 cell lysates separated by 10% SDS poly-acrylamide gel electrophoresis and transferred onto nitrocellulose membrane.
The bands in the upper panel depict tau isoform levels and the lower panel shows a-tubulin protein expression from the same
samples. The intensity and number of tau isoform bands appear to increase in response to increased duration of NGF expo-
sure.
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Figure 2. Tau isoform protein expression in NGF treated IMR32 cells. Summary of densitometric data from analysis of
ON3R (a), ON4R (b), IN3R (c) and 1N4R (d) levels relative to a-tubulin revealed a significant increase in tau isoform levels
following treatment with 50 ng/mL NGF. Relative to control, a significant increase in ON3R ("p < 0.05) and ON4R ('p < 0.05)
isoforms was detected following 72 h of NGF treatment. The levels of IN3R were significantly higher than control after 48 h
of NGF treatment ("p < 0.05) while 1N4R levels were elevated only after 96 h of NGF exposure (" p < 0.01).

as compared to control and all other treatment time points (Figure 2(a); ‘p < 0.05 vs. control and all other time
points). The ON4R isoform also exhibited significant differences in expression levels (F(4, 75) = 2.533, p =
0.0472), with increased levels detected at the 72 h treatment time compared to control (Figure 2(b)). Unlike the
ONB3R isoform, the relative level of ON4R detected following 72 h of NGF treatment was not significantly dif-
ferent from other time points suggesting that the level of this isoform at other treatment times falls somewhere
between that observed in control and 72 h NGF treated lysates. The expression of the 1N3R isoform was also
increased following NGF treatment (KW = 11.179, p = 0.0246). Although expression appeared increased at 72 h
(Figure 2(c)) this difference was not quite statistically significant (p = 0.06) and the only statistically significant
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difference was in the 48 h NGF exposed cells, where the levels of this isoform were greater than control ('p <
0.05). The 1N4R tau isoform was also elevated following NGF treatment (F(4, 35) = 4.456, p = 0.0051) with sig-
nificantly greater levels detected in cells treat with NGF for 96 h as compared to control ("p < 0.01; Figure 2(d)).

3.2. Tau Promoter Activation

To determine whether NGF affects the transcription of tau, a 550 bp fragment of the human tau promoter was
cloned into the pGL3 basic luciferase reporter vector. Tau promoter activation in IMR32 and PC12 cells was
determined by luciferase assay where luciferase activity was normalized to beta-galactosidase activity from the
same sample.

In IMR32 cells (Figure 3(a)) NGF treatment did not increase luciferase activity in pGL3 basic-transfected
cells relative to control cells but did increase luciferase activity in tau promoter-pGL3 basic transfected cells in
comparison to control (t = 2.152, df = 14, p = 0.0494), indicating activation of the tau promoter by NGF. Since
luciferase and beta-galactosidase activity was much lower than what we had detected with previous transfections
using PC12 cells [28] [33] [37] tau promoter activation was also assessed in PC12 cells. In the PC12 cell ling,
both luciferase and f-galactosidase activities were much higher than those detected in IMR32 cells and a more
robust NGF effect was observed (Figure 3(b)). One-way ANOVA revealed significant differences between
treatment groups (F(5, 32) = 93.586, ~ p < 0.001) and the Tukey-Kramer multiple comparisons test confirmed
that NGF treatment significantly increased luciferase activity in cells transfected with the pGL3 basic vector
alone ("p < 0.05) and in those transfected with the tau promoter construct (" p < 0.001). The NGF-mediated in-
crease in luciferase activity in tau promoter-transfected cells was significantly higher than the pGL3-basic NGF
response, indicating that NGF activates this fragment of the tau promoter. Based on these data, the PC12 cell
line was used to assess the effects of NGF-TrkA signaling pathway and NOS inhibitors on the NGF-induced in-
crease in tau promoter activation.

First, the effects of 50 uM UQ126, which inhibits the MEK-MAP kinase pathway and 10 uM LY2940002,
which inhibits the PI3K-Akt pathway were assessed (Figure 4(a)). There were no significant differences be-
tween the untreated control and inhibitor alone controls. NGF treatment increased promoter activation in both
U0126 ('p < 0.001) and LY2940002 ("“p < 0.001) pretreated cells in comparison to inhibitor alone controls.
The NGF effect in UO126 pretreated cells was lower than that observed following treatment with NGF either
alone (+p < 0.05) or pretreated with LY2940002 (p < 0.01) suggesting that the MAP kinase, but not Akt, signal-
ing pathway is involved in the regulation of tau transcription.

The phospholipase C-PKC inhibitors U-73122 (10 uM) and BIS-1 (5 uM) were then used to investigate the
involvement of the PKC signaling pathway. The effect of these inhibitors on NGF-induced tau promoter activa-
tion is shown in Figure 4(b). Statistical analysis revealed significant differences between treatments (F(5, 26) =
49.885, p < 0.0001). With both inhibitors, basal luciferase activity was not changed relative to control activity
and for both control and inhibitor-pretreated cells, NGF resulted in a significant increase in relative luciferase
activity (" p < 0.001). In comparison to treatment with NGF alone, in BIS-1 pretreated cells the NGF effect was
significantly lower (+p < 0.05).

The effect of NOS inhibitors on human tau promoter activation is shown in Figure 4(c). Statistical analysis
revealed significant differences between treatments (F(5, 28) = 96.971, p < 0.0001). In comparison to untreated
cells, basal luciferase activity was not different in cells treated with 2 mM S-MIU or 20 mM L-NAME. In the
presence or absence of NOS inhibitor, NGF treatment significantly increased luciferase activity relative to con-
trol (""p < 0.001), and there was no difference in the NGF response between control and NOS inhibitor pre-
treated samples.

4. Discussion

In the present study, it was shown for the first time that NGF is involved in the regulation of expression of mul-
tiple human tau isoforms in the IMR32 neuroblastoma cell line. This increased expression likely results, at least
in part, from increased transcription as NGF also increased tau promoter activation in both IMR32 and PC12
cells. Inhibitors of MAP kinase and PKC activation attenuated this NGF mediated action, suggesting that the
MAP kinase and PKC pathways play a role in regulating tau transcription. Neither LY294002 nor the NOS inhi-
bitors, S-MIU or L-NAME, inhibited the NGF-mediated increase in tau promoter activation, suggesting that tau
transcription is not modulated by the NGF-Akt signaling pathway or NO.
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Figure 3. Tau promoter activation in response to NGF. IMR32 (a) or PC12 (b) cells transfected with the pGL3 basic vector
or the tau promoter-pGL3 basic construct were treated with 50 ng/mL NGF. Luciferase activity in each sample was norma-
lized to its corresponding f-galactosidase activity. NGF increased tau promoter activation in comparison to untreated con-
trols in both cell lines, where " indicates significantly different activity from the corresponding control (‘p < 0.05, ""p <
0.001) and + indicates significantly different NGF-mediated increase in luciferase activity compared to the pGL3 basic-NGF

response (+p < 0.05).
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Figure 4. Tau promoter activation in PC12 cells in response to NGF in the presence or absence of signaling pathway or NOS
inhibitors. (a) Effect of the inhibition of the MAP kinase pathway with 50 uM UQ126 or the P13 kinase-Akt pathway with 10
UM LY294002. NGF significantly increased luciferase activity in both untreated and inhibitor-treated cells ("p < 0.001).
NGF-induced luciferase activity was significantly lower in cells pretreated with U0126, compared with NGF alone (+<0.05).
(b) Effect of the inhibition of the phospholipase C-PKC pathway with 5 uM U73122 or 10 pM BIS-1. NGF significantly in-
creased luciferase activity in in both untreated and inhibitor-treated cells (""p < 0.001). NGF-induced luciferase activity was
significantly lower in cells pretreated with BIS-1, compared with NGF alone (+<0.05). (c) Effect of the inhibition of NOS
with 2 mM S-MIU or 20 mM L-NAME. NGF significantly increased luciferase activity in both untreated and inhibi-
tor-treated cells (""p < 0.001) and there was no difference in the NGF response in any of the treatment groups. For all inhi-
bitors, there were no differences in luciferase activity in lysates of untreated controls or cells treated with inhibitor alone.
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The 4 tau protein isoforms most prevalently expressed in human adult brain are those containing either no (ON)
or one (1N) amino terminal insert, with both 3 and 4 repeat forms being expressed fairly equally [6]. The 4 main
isoforms detected in the IMR32 cell line (ON3R, ON4R, 1N3R, 1N4R) in this study correspond to the main iso-
forms expressed in adult human brain. We found that NGF increased the relative protein levels of all four of
these isoforms in IMR32 cells. A significant increase in both the 3 and 4 repeat isoforms without an amino ter-
minal insert (ON) was detected following 72 h of NGF treatment and increases in the levels of IN3R were sig-
nificantly higher after 48 h of NGF treatment while 1N4R levels were elevated only after 96 h of NGF exposure.
A better understanding of the regulation of tau isoform expression, and in particular the larger 4R tau isoforms,
is necessary as hyperphosphorylated 4R tau can result in reduced microtubule binding and tau accumulation and
aggregation [38]. Although NGF was reported to induce tau phosphorylation in p75 expressing hippocampal
neurons [39], under ischemic conditions, NGF was reported to decrease hippocampal tau phosphorylation in rats
[40]. As well, treatment of PC12 cells with NGF was reported to increase tau expression, without altering tau
phosphorylation [13]. Since dephosphorylated samples did not exhibit a different isoform band pattern from
their unphoshorylated counterparts, our findings are in agreement with those of Smith and colleagues [13], and
suggest that in IMR32 cells, NGF increases the expression of multiple tau isoforms via TrkA receptor activation
without enhancing tau isoform phosphorylation.

To determine whether the NGF-induced increase in tau isoform expression was the result of altered transcrip-
tion, a portion of the human tau promoter beginning approximately 200 bp upstream of the transcription start
site and exon-1 and stretching roughly 550 bp upstream of this was cloned into the pGL3 basic luciferase re-
porter vector. Transfection of this construct revealed that this tau promoter segment was NGF responsive in both
IMR32 and PC12 cells indicating that the NGF-mediated increase in tau isoform levels could be the result of
enhanced tau transcription. Our findings with the human tau promoter are consistent with previous studies that
have found the proximal portion of the rat tau promoter to be NGF responsive [3] [23] [24]. Heicklen-Klein et al.
[23] demonstrated that the proximal 80 bp promoter portion of the rat tau promoter (—196 to +66) is responsive
to NGF in PC12 cells. Andreadis et al. [14] compared tau exon-1 from the rat [17] to the human and found the
sequences to be 91% conserved. We also observed greater promoter activation in the PC12 cell line compared to
IMR32 cells. This enhanced transfection efficiency and promoter activation in PC12 cells was also reported by
Heicklen-Klein and Ginzburg [24], who transfected both COS (a non-neuronal cell line) and PC12 cells with a
luciferase reporter containing the proximal portion of the rat tau promoter and found PC12 cells exhibited sig-
nificantly greater promoter activation than that observed in the COS cells.

Since the NGF response was much more robust in the PC12 cells, this cell line was used to examine the ef-
fects of NOS and NGF-TrkA signaling pathway inhibitors on NGF-induced tau promoter activation. There was
no significant difference in luciferase activity between the untreated control cells and cells treated with any of
the inhibitors alone, suggesting that the inhibitors did not alter basal tau promoter activation. NGF significantly
increased luciferase activity under all of the treatment conditions and none of the inhibitors tested completely
blocked the NGF-induced activation of the tau promoter. The PKC inhibitor, BIS-1 attenuated the NGF-induced
increase in luciferase activity while pretreatment with U73122 had no effect. U73122 inhibits phospholipase C
and phospholipase C y1 [41]-[45], while BIS-1 shows high selectivity for inhibiting PKC-a, fgl, pll, y, d, and ¢
isozymes [46] [47]. Our findings suggest that while activation of phospholipase C is not required for NGF-me-
diated tau promoter activation, activation of typical and/or novel PKC isoforms does contribute. Although PKC
isoforms are activated by phospholipase C, they can also be activated by other factors that are stimulated by
NGF. For example, NO is increased following treatment of PC12 cells with NGF and both NO donor drugs and
peroxynitrite have been reported to activate PKC isoforms [48] [49]. NGF also stimulates the influx of calcium
through membrane-bound ion channels [50] which could activate calcium-dependent PKC isoforms [51].
Therefore, inhibiting phospholipase C may not have prevented the NGF-mediated activation of certain PKC
isoform that are necessary for tau promoter activation.

NGF-mediated promoter activation in UO126 pretreated cells was also significantly lower than that observed
following treatment with NGF alone, suggesting that the MAP kinase pathway is involved in the regulation of
tau transcription. We determined previously that NO modulates NGF-mediated MAP kinase activation [30] and
the transcription of multiple genes that are upregulated by NGF [25] [28] [33]. Interestingly, NOS inhibitors had
no effect on NGF-induced tau promoter activation in PC12 cells, suggesting that the regulation of tau transcrip-
tion by MAP kinase is NO-independent. It has been reported that in PC12 cells, the MAP kinase pathway may
act independently of other signaling pathways in the NGF-mediate regulation of gene expression [52]. Since
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U0126 and BIS-1 only partially inhibited NGF-stimulated tau promoter activation, it is possible that these NGF-
induced pathways act independently to regulate tau transcription. There is also considerable evidence supporting
cross-talk between these two pathways, in particular that PKC is required for the NGF-induced MAP kinase ac-
tivation responsible for neurite outgrowth in PC12 cells [53] [54]. As well, both of these pathways are linked to
a transcription factor that could be modulating tau transcription in our system. The human tau promoter frag-
ment we cloned contains a GC rich region that could potentially be activated by the transcription factor Spl.
This transcription factor is increased following NGF treatment [55] and has been reported to modulate activation
of the rat tau promoter [24]. Activation of PKC [56] or MAP kinase [57] was reported to regulate transcription
at Sp1 binding sites and inhibition of MAP kinase using U0126 was found to decrease tumor necrosis factor
a-induced Sp1 activation [58]. These findings suggest NGF-mediated activation of PKC and MAP kinase could
enhance tau transcription through Spl. Whether these signaling pathways act in a coordinated or independent
manner to modulate NGF-induced tau transcription remains to be determined.

The link between the promoter activation, mMRNA expression and resulting protein production can be very
complicated since in addition to transcription and translation, the stability of the mRNA and protein could po-
tentially play a significant role in the levels protein expressed in a cell. We have determined that NGF can regu-
late protein levels through both transcriptional and post-transcriptional mechanisms [28] [32]. Whether post-
transcriptional mechanisms contribute to the NGF-mediated increase in tau isoform expression is not yet known.
In addition, both NGF and Sp1 have been linked with the epigenetic mechanisms that could contribute to PC12
cell differentiation [59] [60]. In our system, it is possible that tau isoform expression is also modulated via NGF-
induced epigenetic changes that modulate tau transcription.

Proper regulation of the expression and post-translational processing of tau is important for neuron function.
The results from this study demonstrate that NGF increases the levels of multiple human tau isoforms in IMR32
cells and that this modulation may result, at least in part, from increased tau transcription. This modulation ap-
pears to involve the NGF-TrkA mediated activation of PKC and MAP kinase as inhibition each of these path-
ways partially prevented the NGF-mediated increase in human tau promoter activation.
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