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Microtubule-associated protein Tau is known to bind to and
stabilize microtubules, thereby regulating microtubule dynam-
ics. However, recent evidence has indicated that Tau can also
interact with various components of intracellular signaling
pathways, leading to the possibility that Tau might have a role
in signal transduction. Here we provide evidence that during
growth factor stimulation of neuronal cells, Tau has functions in
advance of the neurite elongation stage. Using Tau-depleted
neuronal cell lines, we demonstrate that Tau is required for neurite
initiation in a manner that does not involve its microtubule binding
function. In addition, we demonstrate that Tau potentiates AP-1
transcription factor activation in response to nerve growth factor
(NGF). The effect of Tau on AP-1 activation is mediated through its
ability to potentiate the activation of mitogen-activated protein
kinase (MAPK), which occurs in response to both NGF and epider-
mal growth factor. Phosphorylation of Tau at Thr-231 also occurs
in response to NGF and is required for Tau to impact on MAPK
signaling, whereas the ability of Tau to bind to microtubules is not
required. Together, these findings indicate a new functional role
for Tau in early neuronal development independent of its estab-
lished role in microtubule stabilization.

Microtubule-associated proteins are a class of proteins that
includes Tau, MAP2, and MAP4. These proteins are so named
for their ability to bind to and stabilize microtubules, thereby
contributing to the regulation of microtubule dynamics. Tau in
particular has been extensively studied due to its prominent
role in the pathogenesis of neurodegenerative diseases such
as Alzheimer disease and the fronto-temporal dementias
(reviewed in Refs. 1—4). In general, research into the physiolog-
ical functions of Tau has focused on its interactions with micro-
tubules. However, additional roles for Tau beyond those asso-
ciated with microtubules have been suggested by numerous
studies. We have previously demonstrated that the amino ter-
minus of Tau, a domain not involved in microtubule binding, is
associated with the plasma membrane and can affect nerve
growth factor (NGF)*induced neurite outgrowth (5). Also,
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neurite outgrowth was shown to require phosphorylation of
Tau at Ser-262, a modification that reduces the ability of Tau to
bind to microtubules (6). In addition, interactions between Tau
and various signaling proteins such as Src, Fyn, Abl, the p85
subunit of phosphatidylinositol 3-kinase, phospholipase Cv,
14-3-3, and Grb2 have been described (7-12). Such findings
suggest that non-microtubule-associated Tau species may be
associated with signaling components at the plasma membrane
during early neurogenesis and differentiation.

Recent reports have also indicated that Tau can be linked to
the increased expression of cell cycle proteins. Mice expressing
human Tau in the absence of mouse Tau and mice expressing
FTDP-17 mutant Tau were found to have abnormal expression
of cell cycle proteins (13—15) and a cell culture model express-
ing P301L mutant Tau was found to up-regulate genes associ-
ated with cell cycle re-entry (16). These findings, combined
with the growing body of data showing that Tau interacts with
signaling proteins, led us to further investigate the potential
role of Tau in neuronal signal transduction.

Here we have used the well studied PC12 system to investi-
gate the role of Tau in early events following NGF stimulation.
In undifferentiated PC12 cells, Tau is expressed at low levels,
whereas stimulation with NGF leads to increases in Tau expres-
sion starting after ~3 days of treatment (17, 18). The subcellu-
lar distribution of Tau in PC12 has been investigated by its
detergent solubility (19). This study showed that before NGF
treatment, the cells contained approximately half of the Tau in
cytoskeletal, detergent-insoluble pellets, whereas the other half
was detergent soluble. This indicated that in undifferentiated
PC12, half of the endogenous Tau was not associated with
microtubules. Tau is known to be required for microtubule sta-
bilization at later stages of NGF-induced neurite elongation (5,
18, 19), but the functional role of microtubule-free Tau present
before NGF and at the early stages of NGF stimulation remains
unclear.

In this report, we demonstrate that after NGF stimulation of
PC12-derived cell lines, Tau is required for neurite initiation.
Moreover, Tau acts to potentiate activation of AP-1 transcrip-
tion factors through the mitogen-activated protein kinase
(MAPK) pathway. The ability of Tau to potentiate MAPK acti-
vation occurs independently of its ability to bind to microtu-
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bules and our data indicates that Tau acts through a mechanism
that is common to both NGF and epidermal growth factor
(EGF) activated pathways and likely to be upstream of Ras
GTPase. Furthermore, we show that phosphorylation of Tau at
Thr-231, a phospho-site found in both fetal brain development
and neurodegenerative disease, occurs in response to NGF and
is required for this activity. These findings indicate a new role
for Tau in the context of neuronal differentiation, independent
of its established role as a microtubule stabilizing protein.

EXPERIMENTAL PROCEDURES

Cell Culture—CQOS7 cells were maintained in Dulbecco’s
modified Eagle’s medium with 10% fetal bovine serum. PC6-3
cells (20) were cultured on collagen (BD Biosciences)-coated
dishes using RPMI 1640 medium with 10% horse serum and 5%
fetal bovine serum. Medium for stable cell lines was supple-
mented with 200 wg/ml of G418.

Generation of Stable Cell Lines—Clonal PC6-3 cell lines sta-
bly expressing human Tau (352 residue, ON3R isoform) were
generated by transfecting PC6-3 cells with pRc/CMVn123c
(21), followed by selection in 500 ug/ml of G418. Stable colo-
nies were screened for human Tau expression by Western blot-
ting with Taul3, a human Tau-specific antibody (22). Clonality
was confirmed by immunofluorescent analysis. Relative Tau
expression level was quantified by densitometry (NIH Image]
analysis software) on Western blots probed with Tau5, which
reacts to both human and rat Tau (23). To develop PC6-3 cell
lines with stable depletion of endogenous Tau, we first identi-
fied candidate RNA interference sequences in rat Tau that had
several mismatches with the corresponding human Tau
sequence, aiming to specifically target rat Tau. A panel of can-
didate rat dsRNA oligonucleotides was generated with the
Ampliscribe T7 polymerase kit as previously described (24) and
screened in COS7 cells by transient co-transfection of rat or
human Tau expression plasmids (1 ng) and increasing quanti-
ties (0—5 ug) of dsRNA oligonucleotides. Rat Tau plasmid
encoded the 2N4R rat Tau isoform (5) and, as described above,
PRc/CMVn123c (also referred to as “hTau”) encoded ON3R
human Tau. Based on the results from our screening, the
sequence (5'-gatccccGTGTCCGCCTCTTTGGCCAttcaag-
agaTGGCCAAAGAGGCGGACACTtttttggaaa-3') was synthe-
sized and subcloned into the pNTO vector (25), generously
provided by Dr. Stefan Strack (University of lowa). The short
hairpin RNA (shRNA) expressed from this plasmid (pNTO-
Rtau) targets a sequence in rat Tau exon 13 (5'-GTGTCCGC-
CTCTTTGGCCA-3"). pNTO-Rtau was transfected into PC6-3
and stable cell lines were selected as described above. Empty
vector control cell lines (EV) were also generated by transfec-
tion with the pNTO vector. Extent of Tau depletion was deter-
mined by Western blotting with Taub5, using lysates harvested
from cells that had been induced with 100 ng/ml of NGF
(Research Diagnostics, Flanders, NJ) for 3 days. Table 1 sum-
marizes the characteristics of all PC6-3 cell lines, with and with-
out altered Tau expression, used in this study.

Neurite Initiation Assays—PC6-3 cells and stable cell lines
were differentiated in 100 ng/ml of NGF (Research Diagnostics)
for 36 h prior to glutaraldehyde fixation and permeabilization
with Nonidet P-40 (26). In some experiments, 0.1 uM taxol
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(Calbiochem) was added simultaneously with NGF. After fixa-
tion, cells were stained with anti-tubulin (DM1A, Sigma), rho-
damine-coupled anti-mouse secondary antibody, and viewed
by epifluorescence. Neurite initiation for each cell was scored as
the number of processes with a length greater than one cell
diameter extending from the cell body. Random fields of cells
were evaluated and a minimum of 200 cells per cell line was
assessed in each experiment. For each experiment, neurite ini-
tiation was calculated as the average number of neurites per cell
and from three independent experiments, neurite initiation
was expressed as the mean * S.E. For neurite initiation assays
performed on transfected cells, Tau-depleted cells were trans-
fected with Lipofectamine 2000 (Invitrogen) and hTau or
$262D/S356D mutant Tau for 24 h prior to NGF or NGF-taxol
addition. Thirty-six hours after NGF addition, cells were fixed
and double-labeled with anti-tubulin (DM1A) and polyclonal
anti-Tau (CR (27)). A minimum of 200 CR-positive cells was
scored for neurite initiation in each experiment. Confocal
microscopy was performed on a Bio-Rad MRC-1024 system
with a Nikon E600 microscope. Statistical analysis of variance
and post-hoc testing for neurite initiation assays was performed
as with luciferase assays below (see “Statistical Analysis”).

AP-1 and MAPK Reporter Assays—The level of endogenous
AP-1 transcription factor activity was measured by an AP-1
reporter plasmid 3X-AP-1-Luc (generously provided by Dr.
Paul Rothman, University of lowa), which contains three AP-1
consensus binding sites (TGACTAA), in tandem, upstream of a
minimal murine Fos promoter regulating the expression of fire-
fly luciferase. The internal transfection control plasmid, pRL-
SV40 (Promega), expresses Renilla luciferase under the control
of the SV40 early promoter. Used together, these two plasmids
will be referred to as the “AP-1 reporter system plasmids.”

For MAPK activation assays, the PathDetect Trans-Report-
ing System (Stratagene), comprising pFR-Luc and pFA2-ELK1,
was used according to the manufacturer’s protocol with the
addition of the internal transfection control pRL-SV40 Renilla
luciferase plasmid. Used together, these three plasmids will be
referred to as the “MAPK reporter system plasmids.”

Cells were grown on 24-well collagen-coated plates to ~50%
confluency and transfections were performed in triplicate with
Lipofectamine 2000 (Invitrogen). For AP-1 assays, cells were
transfected with 1.1 ug of DNA (500 ng of 3X-AP-1-Luc, 100 ng
of pRL-SV40, and 500 ng of either pRc/CMYV control vector or
hTau). For MAPK assays, cells were transfected with 1.1 ug of
DNA (500 ng of pFR-Luc, 50 ng of pFA2-ELK1, 50 ng of pRL-
SV40, and 500 ng of either pRc/CMYV control vector or Tau
plasmid (hTau, S262D/S356D, T231D/S235D, T231A/S235A,
T231D, S235D, or T231A)). The pRc/CMV control vector was
used as a control for human Tau plasmids and to maintain
equivalent amounts of total DNA in each transfection.

NGF (2.5S, Sigma) and EGF (Sigma) treatments were carried
out 36 —48 h after transfection at 50 and 25 ng/ml, respectively.
For both AP-1 and MAPK reporter assays, a time course of
growth factor treatment of up to 24 h was carried out in pre-
liminary experiments to determine the point of maximum
reporter activation. In both assays, a 3-h growth factor induc-
tion proved to have the highest amount of reporter activity and
therefore, this time point was used in all subsequent experi-
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ments. Cells were harvested and AP-1 (or MAPK) activation
was assayed using the Dual Luciferase Assay Kit (Promega)
according to the manufacturer’s protocol, measuring Firefly
and Renilla luciferase activities with a tube luminometer. For
data analysis, firefly luciferase values were first normalized to
Renilla luciferase values from the same sample to control for
transfection efficiency. To calculate the fold-increase in
reporter activity after growth factor treatment, the normalized
firefly luciferase activity from the growth factor-stimulated
sample was divided by the normalized firefly luciferase activity
from the non-stimulated control cells.

For experiments with the MEK1 inhibitor, 50 um U0126
(Promega) or dimethyl sulfoxide vehicle control was added to
the cells 15 min prior to NGF treatment. For experiments with
oncogenic Ras (G12V mutant (28)), cells were co-transfected
with MAPK reporter system plasmids and FLAG-RasV12 (gen-
erously provided by Dr. Stefan Strack), and harvested after 36 h
in the absence of growth factors. The amount of FLAG-RasV12
DNA used was determined by preliminary experiments indicat-
ing the amount of plasmid required to yield reporter activation
levels similar to those present after a 3-h NGF treatment. Fold-
increase in MAPK reporter activity was calculated by dividing
the normalized firefly luciferase reading from the RasV12 con-
taining condition with the normalized firefly luciferase reading
from the control vector containing condition.

Statistical Analysis—For AP-1 and MAPK luciferase assays,
the results for each condition were reported as mean = S.E.
from three independent assays. In addition, each assay used
transfections that were performed in triplicate. Statistical sig-
nificance was determined by analysis of variance (linear mixed
model) with the Statistical Analysis System software package.
Reporter activity from all assays (n = 3) was analyzed as the
random effect, with each cell line/Tau transfection/treatment
as the fixed effect. In all figures, the data for each condition are
shown as the mean from all assays * S.E. However, for statisti-
cal analysis, the data were log transformed to account for pro-
portional differences between groups. All p values <0.05 calcu-
lated from post-hoc Tukey comparisons between groups were
considered to be statistically significant.

Plasmids—Plasmids expressing mutant Tau (T231D, S235D,
T231A/S235A, and T231A, numbered according to 2N4R
hTau40 human Tau isoform) were synthesized by site-directed
mutagenesis (QuikChange Mutagenesis Kit, Stratagene)
using the ON3R human Tau plasmid, pRc/CMVnl23c, as
template (21). Plasmids expressing the ON3R human Tau
mutants $262D/S356D and T231D/S235D have been previ-
ously described (29).

Western Blotting—Parental PC6-3 cells and stable cell lines
were treated with NGF or EGF as above for various time points
and lysed in 2X Laemmli buffer containing 10% 3-mercapto-
ethanol. Samples were resolved in 8% SDS-PAGE gels, trans-
ferred to polyvinylidene difluoride (Millipore), and probed with
one of the following antibodies: Tau5, Taul3 (generous gifts
from Dr. Lester Binder), phospho-ERK1/2 (Thr202/Tyr204,
Cell Signaling 9101), ERK1/2 (Santa Cruz K-23), or glyceralde-
hyde-3-phosphate dehydrogenase (Chemicon). PerkinElmer
Western Lightning Plus-ECL was used for signal detection.
Quantification of phospho-ERK1/2 and total ERK1/2 signals
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FIGURE 1. Generation of stable cell lines with Tau overexpression or
depletion. A, cell lysates from D5, a representative cell line with stable
expression of human Tau, and from control PC6-3 cells were probed with a
human Tau specific antibody, Tau13. B, cell lysates from COS7 cells co-trans-
fected with increasing amounts of rat Tau-specific dsRNA oligonucleotides
and either rat Tau (rTau, left panel) or human Tau (hTau, right panel) plasmids,
were probed with Tau5. “—, +, and ++" indicate the addition of 0, 3, or 5 ug,
respectively, dsRNA. C, cell lysates from cell lines stably expressing shRNA
against endogenous rat Tau (rTau4, rTau7), or from an empty pNTO vector
control cell line (EV) were harvested before or after NGF treatment for 3 days
as indicated. Lysates were probed with Tau5. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as a loading control on all panels. 1 u.g of
lysate was loaded in each lane in A-C.

was performed by densitometry with Image] software. The
phospho-ERK1/2 level at each time point was normalized to the
total ERK1/2 level from the same sample and each normalized
value was expressed as a percentage relative to the highest
value, which was assigned 100%. Statistical significance was
determined by Student’s ¢ test. Expression levels of the Tau
mutants used in the MAPK reporter assays were determined by
probing lysates of rTau4 cells transfected under identical con-
ditions used for the MAPK reporter assays. Lysates were har-
vested from 24-well plates and probed with Taul3 and glycer-
aldehyde-3-phosphate dehydrogenase.

Immunoprecipitation—PC6-3 cells stably expressing ON3R
human Tau (D5) were plated in 150-mm dishes and serum
starved overnight prior to growth factor treatment (50 ng/ml of
NGEF, Sigma). Cells were lysed in 1 ml of ice-cold RIPA buffer
(50 mm Tris, pH 8.0, 150 mm NaCl, 1% Nonidet P-40, 0.5%
deoxycholate, 0.1% SDS) containing protease and phosphatase
inhibitors. After centrifugation at 6,200 X g for 20 min at 4 °C,
Nonidet P-40 was increased to 1.5% and supernatants were pre-
cleared with protein G-Sepharose beads for 20 min. The result-
ing supernatants were then incubated with either 3.5 ug of
nonspecific mouse IgG or CP17 (anti-phospho-Thr-231 Tau,
generously provided by Dr. Peter Davies (30)) for 1 h. Protein
G-Sepharose beads were added to the supernatants for an addi-
tional 1 h. Immunoprecipitates were resolved by SDS-PAGE
and transferred. Total Tau (human and rat) was detected with
Tau5-horseradish peroxidase (1:4000), prepared using EZ-Link
Plus Activated Peroxidase Kit (Pierce).

RESULTS

Stable cell lines that either overexpress Tau or have Tau
depletion were developed in PC6-3 cells, a subclone of the well
characterized PC12 rat pheochromocytoma cell line (20). Four
clonal cell lines that stably express the fetal isoform of human
Tau (352 residues, ON3R) were generated and one representa-
tive cell line, D5, was used for further studies (Fig. 14). Quan-
tification of human Tau expression in D5 showed that in undif-
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TABLE 1
Characteristics of PC6-3 cell lines with altered Tau expression
Cell Parental Stably expressed T ion level
line line plasmid au expression levels
PC6-3 None Control
D5 PC6-3 pRc/CMVnl23c  ON3R human Tau was expressed 4-fold
higher than endogenous Tau in
undifferentiated cells and 2-fold
higher after differentiation
rTaud  PC6-3 pNTO-Rtau No Tau was detected in undifferentiated
or differentiated cells
rTau7  PC6-3 pNTO-Rtau No Tau was detected in undifferentiated
cells and Tau expression was 15% of
control cell level after differentiation
EV PC6-3  pNTO Vector Tau levels were equivalent to parental

PC6-3 cells, with or without NGF

Tau expression levels were determined by quantitative Western blotting, with or
without NGF (3 days at 100 ng/ml).

ferentiated cells, the human Tau level was 4-fold higher than
the endogenous rat Tau level (Table 1). To generate cell lines
with Tau depletion, we first identified a rat Tau dsRNA oligo-
nucleotide that would effectively suppress rat Tau expression
without affecting human Tau expression using a COS7
co-transfection assay (Fig. 1B). A vector expressing the rat Tau
dsRNA sequence as a shRNA was then used to generate stably
transfected PC6-3 lines. Control cell lines were generated using
the empty vector. To determine the extent of Tau depletion,
cells were first differentiated with NGF for 3 days to up-regulate
Tau expression. Like PC12 cells that are known to increase Tau
expression after NGF treatment (17), the control EV cell line
also up-regulated Tau after NGF differentiation (Fig. 1C, lanes
1 and 2). Other control cell lines acted similarly. In contrast, the
Tau-depleted cell line rTau4 showed almost complete deple-
tion of endogenous rat Tau after NGF-induced differentiation
(Table 1 and Fig. 1C, lane 6), whereas the cell line rTau7 showed
an intermediate level of Tau depletion (Table 1 and Fig. 1C, lane
4). In the undifferentiated state, both rTau4 and rTau7 had less
Tau than EV (Table 1 and Fig. 1C, lanes 1, 3, and 5).

Tau Depletion Impairs Early Neurite Initiation during the
NGF Response—The differentiation of PC12 cells in response to
NGF involves an early stage of neurite initiation in which a
nascent process buds from the cell body, followed by a period
of process elongation and stabilization. The rate of neurite
elongation and neurite stability depend on the NGF-induced
up-regulation of Tau that occurs 3 days after NGF addition
(17-19). However, Tau is present at low levels before NGF
addition as well as during the earliest phase of the NGF
response. To determine whether these low levels of Tau have
arolein the early NGF response, we first investigated neurite
initiation. Neurite initiation takes place before the up-regu-
lation of Tau because process budding and nascent neurites
are already visible in many cells within 36 h after NGF
addition.

To determine the effect of Tau on neurite initiation, the mor-
phologies of Tau-depleted and Tau overexpressing cell lines
were evaluated after a 36-h NGF induction, and processes
greater than one cell diameter were scored as neurites. Neurite
initiation, represented by the average number of neurites per
cell, was decreased in Tau-depleted rTau4 cells compared with
control PC6-3 cells (Fig. 2, A, C, and E), whereas in Tau over-
expressing D5 cells, the average number of neurites per cell was
increased (Fig. 2A4). Similar results were obtained with the Tau-
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FIGURE 2. Tau expression level affects early neurite initiation induced by
NGF. A, average number of neurites per cell in PC6-3 or in stable cell lines D5
or rTau4 was determined after a 36-h NGF differentiation. rTau4 +hTau
denotes rTau4 transfected with hTau and scored for neurite initiation as
described under “Experimental Procedures.” Results are shown as the aver-
age = S.E. from three independent experiments (¥, p < 0.05; **, p < 0.01; ***,
p < 0.005). B, average number of neurites per cell was determined as in A for
PC6-3 or rTau4 cells differentiated in the presence of NGF, with or without the
addition of 0.1 um taxol. rTau4+taxol+5262D/S356D denotes rTau4 trans-
fected with the $262D/S356D mutant Tau plasmid 24 h prior to simultaneous
taxol-NGF treatment. Neurite initiation was scored and results are shown as
described in A (¥, p < 0.05). C—F, PC6-3 or rTau4, differentiated with NGF for
36 hin the presence or absence of taxol as indicated, were fixed, labeled with
anti-tubulin, and viewed by confocal microscopy as described under “Exper-
imental Procedures.” Scale bar = 10 um.

depleted rTau? cell line and with cells evaluated at an earlier
time point (20 h, data not shown). Neurite initiation could also
be restored in rTau4 after expressing human Tau by transient
transfection (Fig. 2A), although rTau4 rescued with human Tau
exhibited 42% less neurite initiation than PC6-3 (**, p < 0.01,
Fig. 2A). These results suggest a role for Tau in events leading to
neurite initiation.

One possible explanation for the observed effect of Tau
depletion on neurite initiation is a requirement for Tau in pro-
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moting microtubule assembly during process initiation. To
address this possibility, we tested the ability of the microtubule
stabilizing drug taxol to restore process initiation during NGF
differentiation in rTau4. We have previously shown that a low
concentration of taxol (0.1 um), which allows microtubules to
retain dynamicity (31), mimics the effects of Tau expression on
process outgrowth in PC12 cells treated with cytochalasin (26).
Therefore, taxol treatment would be expected to restore neu-
rite initiation in Tau-depleted cells if Tau was required solely
for microtubule stabilization during the early phase of process
formation. Subsequently, we found that although taxol treat-
ment did not affect neurite initiation in control PC6-3 cells, it
did not increase the average number of neurites per cell in
rTau4 after NGF differentiation (Fig. 2, D and F, quantification
in Fig. 2B). Because process initiation in Tau-depleted cell lines
could not be restored by providing a microtubule stabilizing
agent, these findings suggested that a Tau function other than
microtubule stabilization was involved in neurite initiation.
This was further investigated by testing a phosphomimetic Tau
mutant, $262D/S356D, which has a significantly reduced affin-
ity for microtubules both in vitro and in cells (29, 32-34)
(supplemental Fig. S1). By expressing Tau mutant S262D/
S$356D in Tau-depleted cells and then scoring for its ability to
restore neurite initiation, we found that the mutant restored
neurite initiation in taxol-treated rTau4 cells 7-fold (Fig. 2B).
This was similar to the 8.8-fold increase obtained when neurite
initiation was restored to rTau4 cells by expressing wild-type
Tau (Fig. 2A4) and indicated that the requirement for Tau during
neurite initiation was not likely to involve its ability to interact
with microtubules.

Tau Levels Affect the DNA Binding Activity of AP-1 Tran-
scription Factors—In PC12 cells, during the first 36 h of NGF
treatment, a sustained activation of ERKs (MAPK) and a con-
sequent up-regulation of the AP-1 transcription factor c-Fos
accompanies neurite outgrowth (35). Because gene expression
profiling of Tau-deficient mice had indicated that Tau deple-
tion affected the expression of AP-1 transcription factors (36),
we questioned whether Tau would have a role in NGF-induced
AP-1 activity during the early phase of NGF treatment. To
investigate this possibility, we assayed AP-1 activity with a lucif-
erase reporter system; activity was measured after 3 h of NGF
treatment as described under “Experimental Procedures.”

As expected, control PC6-3 cells showed a 34-fold increase in
AP-1 activity over non-stimulated cells following NGF treat-
ment (Fig. 3A). Interestingly, PC6-3 cells transiently overex-
pressing wild-type human Tau (PC6-3 + hTau) were found to
have a significant increase in NGF-induced AP-1 activity (1.8-
fold) relative to control cells, whereas the Tau-depleted line
rTau4 had a significant decrease in AP-1 activity (3.5-fold)
when compared with control EV cells (Fig. 3B). Moreover, tran-
sient expression of human Tau in rTau4 was sufficient to sig-
nificantly increase AP-1 activity (2.0-fold) relative to control
rTau4 (Fig. 3B; note that rTau4 + hTau was 44% less than EV).
Similar results were obtained in rTau? (2.7-fold decrease rela-
tive to EV), as well as in assays performed at later time points of
NGF treatment (12 and 24 h, data not shown). Together, these
data indicated that Tau potentiates the NGF-mediated activa-
tion of AP-1 transcription factor DNA binding activity.
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FIGURE 3. Tau expression level affects DNA binding activity of AP-1 tran-
scription factors. A, PC6-3 cells were transfected with AP-1 reporter system
plasmids and either control vector (PC6-3) or human Tau (PC6-3 +hTau).36 h
after transfection, NGF was added for 3 h prior to harvesting. Fold-increase in
reporter activity relative to minus NGF (naive) values was calculated for each
cell line or condition as described under “Experimental Procedures” (*, p <
0.01). B, control (EV) and Tau-depleted rTau4 cells were transfected with AP-1
reporter system plasmids and hTau as indicated (EV control and rTau4
received control vector DNA). NGF addition and reporter activity was assayed
and expressed asin A (**, p < 0.005). C, PC6-3 and rTau4 were transfected asin
A, adding hTau as indicated (controls received control vector DNA). Where
indicated, MEK1 inhibitor (U0126, 50 um) or vehicle control (DMSO, dimethyl
sulfoxide) was added to the cells 15 min before induction with NGF as above.
Reporter activity was assayed and expressed as in A. For A-C, data shown are
the mean = S.E. from three independent experiments; for each experiment,
transfections were performed in triplicate for each condition.

Tau Affects AP-1 Activation through the MAPK Pathway—
AP-1 activity in response to NGF can be regulated through the
Ras/MAPK pathway (35). To determine whether Tau affected
the MAPK pathway, cells were treated with 50 um U0126,
which inhibits the dual specificity kinase MEK1 (MAPKK) that
is responsible for activating ERK1/2 (MAPK). Pre-treatment of
cells with U0126 almost completely abrogated AP-1 reporter
activity in both control PC6-3 and rTau4 (Fig. 3C). Further-
more, the presence of human Tau in either cell line, which had
previously increased AP-1 activity (1.8-2.0-fold), failed to
increase AP-1 activity when the cells were pre-treated with
U0126. These data implicate the Ras/MAPK pathway in medi-
ating the effect of Tau on AP-1 activity.

Accordingly, we tested the effects of Tau on the activation of
MAPK using a MAPK luciferase reporter system to measure
changes in ERK1/2 activation. We first compared control
PC6-3 cells to PC6-3 cells overexpressing wild-type human Tau
and found that overexpression of human Tau resulted in a sig-
nificant increase in MAPK reporter activity (2.1-fold, Fig. 4A).
In contrast, rTau4 and rTau7 showed a significant decrease in
MAPK activation compared with EV (Fig. 4B) and PC6-3 (data
not shown). In addition, when wild-type human Tau was
expressed in rTau4 or rTau7, although the restored level was
43% or 72%, respectively, of the EV level, both showed a signif-
icant recovery of reporter activity. These results indicated that,
as with AP-1 activation, Tau expression was capable of poten-
tiating MAPK signaling activity (Fig. 4B).

An analysis of cell lysates harvested after 5, 60, and 180 min of
NGF induction showed that the level of active ERK1/2, as
detected by anti-phospho-ERK1/2, was consistently reduced in
rTau4 compared with PC6-3 (Fig. 4C). Quantification showed
significant decreases in ERK activation at all time points tested
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FIGURE 4. Tau potentiates signaling through the Ras/MAPK pathway.
A, PC6-3 and cells stably expressing human Tau (D5) were transfected with
MAPK reporter system plasmids. 36 h after transfection, NGF was added
for 3 h prior to cell harvest. Fold-reporter increase was calculated relative
to minus NGF (naive) control as described under “Experimental Proce-
dures” (¥, p < 0.05). B, MAPK activation in response to NGF was assayed in
control EV cells, rTau4, and rTau? as described in A. +hTau indicates the
addition of hTau plasmid; other assays received control vector DNA. (**,
p < 0.005; *** p < 0.0001). For panels A and B, data shown are the mean =
S.E. from three independent experiments; for each experiment, transfec-
tions were performed in triplicate for each condition. C, cell lysates from
PC6-3 and rTau4 were harvested after treatment with NGF (50 ng/ml) for
the indicated time points and probed for activated ERK1/2, using anti-
phospho-ERK1/2 (pERK1/2), and total ERK1/2. The blot shown is represent-
ative of three experiments. 1 ug of lysate was loaded in each lane. D, quan-
tification of immunoblot data shown in C. The ratio of phospho-ERK/
total ERK for each condition was calculated and shown relative to the
highest value obtained (PC6-3, 5 min), which was assigned 100 (¥, indi-
cates p < 0.05 relative to PC6-3). E, control EV and rTau4 cells were trans-
fected with MAPK reporter system plasmids and constitutively active
RasV12 (CA-Ras) plasmid. Reporter activity was assayed as described in A
36 h after transfection in the absence of growth factor induction. Fold-
increase was calculated relative to control cells that did not receive
RasV12.
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FIGURE 5. EGF-induced MAPK activity is affected by Tau expression level.
A, EV, D5, and rTau4 cells were transfected with MAPK reporter system plas-
mids. 36 h after transfection, EGF was added 3 h prior to cell harvest. Fold-
MAPK reporter increase was calculated as described in the legend to Fig. 4A
and the data shown are the mean =+ S.E. from three independent experi-
ments; for each experiment, transfections were performed in triplicate for
each condition (¥, p < 0.05; **, p < 0.005). B, PC6-3 and rTau4 cell lysates were
collected after treatment with EGF (25 ng/ml) for the indicated time points
and probed for phospho-ERK1/2 and total ERK1/2. The blot shown is repre-
sentative of three experiments. 1 ug of lysate was loaded in each lane.
C, quantification of phospho-ERK1/2 at the 5-min EGF stimulation shown in B.
Ratio of phospho-ERK/total ERK was calculated and shown relative to the
value obtained for PC6-3, which was assigned 100 (*, p < 0.05 relative to
PC6-3).

(average decrease 59.7%), whereas the overall time course of
activation was similar in both cell lines (Fig. 4D).

To further probe the interaction of Tau with components of
the Ras/MAPK pathway, we expressed a constitutively active
Ras protein (G12V mutant) in EV and rTau4 cells in the absence
of NGF stimulation, using conditions that would elicit activated
MAPK levels in EV similar to those obtained with NGF stimu-
lation. MAPK reporter activity in rTau4 expressing RasV12 was
not impaired relative to similarly transfected EV (Fig. 4E), sug-
gesting that the effect of Tau on MAPK activation occurred
upstream of Ras activation.

Tau Expression Level Affects MAPK Signaling Induced by
EGF—Ras activation results from a cascade of phosphorylation
events that can be triggered by a number of growth factors.
Because Tau affects MAPK signaling activated by NGF, Tau
might also affect signaling induced by other growth factors. To
investigate, we treated our cell lines with EGF, which also acti-
vates the Ras/MAPK pathway; under our conditions, the mag-
nitude of reporter activity was less than that obtained with NGF
(Fig. 5A). Nevertheless, we found that in response to EGF, Tau
overexpression caused an increase in MAPK reporter activity,
whereas Tau depletion resulted in a significant decrease in
reporter activity (Fig. 54). An analysis of cell lysates collected
after EGF induction similarly showed a significant decrease in
active ERK1/2 in rTau4 relative to PC6-3 after 5 min (Fig. 5B,
with quantification in Fig. 5C). However, the pattern of ERK1/2
activation did not change, showing that the NGF and EGF
responses were distinct. Moreover, EGF treatment did not lead
to neurite initiation in D5 (data not shown). These findings
indicated that whereas Tau is able to enhance the levels of EGF-
induced MAPK signaling, it is unable to lengthen the time
course of MAPK activation associated with neurite outgrowth.
The data suggests that the effects of Tau occurred at a point that
is downstream of the receptor and common to both NGF and
EGF signaling pathways.
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FIGURE 6. Phosphorylation of Tau at Thr-231 is required for Tau to potentiate MAPK signaling. A, rTau4 was transfected with MAPK reporter system
plasmids and either hTau (WT) or S262D/S356D mutant plasmid (rTau4 control received control vector DNA). 36 h after transfection, NGF was added 3 h prior
to cell harvest. Fold-MAPK reporter increase was calculated as described in the legend to Fig. 4A (¥, p < 0.05 relative to rTau4 control). rTau4 control is indicated
by the white bar in A-D. For B-D, rTau4 was transfected with MAPK reporter system plasmids and either hTau (WT) or Tau mutants as indicated (rTau4 control
received control vector DNA). NGF treatment and MAPK activation were performed as described in A (¥, p < 0.05; **, p < 0.005; ***, p < 0.001). For A-D, data
shown are mean = S.E. from three independent experiments; for each experiment, transfections were performed in triplicate for each condition. E, to assure
equal Tau expression in transfections assayed in A-D, lysates from rTau4 cells transfected under identical conditions were probed with Tau13. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) levels are shown as a loading control. 1 ug of lysate was loaded in each lane.

Effects of Tau Phosphorylation on Its Ability to Potentiate
MAPK Activation—Because the role of Tau in neuronal devel-
opment is often thought to involve its ability to bind to micro-
tubules, we asked whether this activity would be necessary for
Tau to affect MAPK signaling by testing the phosphomimetic
Tau mutant, $262D/S356D. We observed that expression of
$262D/S356D Tau in rTaud was able to restore NGF-induced
MAPK reporter activity levels to those obtained using wild-type
Tau (Fig. 6A), indicating that microtubule binding was not nec-
essary for Tau to affect signaling.

Phosphorylation of Tau at Thr-231/Ser-235 has also been
shown to reduce its affinity for microtubules (37, 38), in addi-
tion to reducing its interactions with the SH3 domains of Src
family tyrosine kinases (7, 39, 40). Surprisingly, expression of
T231D/S235D Tauin rTau4 was not only able to restore MAPK
reporter activity but increased the activity level 1.7-fold relative
to the level obtained with wild-type Tau (Fig. 6B). This sug-
gested that Tau phosphorylation at Thr-231/Ser-235 might be
involved in the interaction of Tau with the MAPK pathway and
further confirmed that microtubule interactions were not
required. We subsequently tested Tau mutants with single
amino acid replacements at either Thr-231 or Ser-235 and
found that the T231D mutation was sufficient to reproduce the
effects seen with the double mutant T231D/S235D, whereas
the S235D mutant resembled wild-type Tau in its ability to
restore MAPK reporter activity (Fig. 6C). To corroborate these
findings, we tested both T231A/S235A and T231A mutants and
found that neither restored NGF-induced MAPK reporter
activity (Fig. 6D). In fact, these mutants impaired MAPK signal-
ing relative to rTau4, suggesting that these mutants have a
dominant-negative effect. As T231A Tau is able to bind micro-
tubules well (41, 42), this finding also underscored the dissoci-
ation between microtubule binding activity and MAPK poten-
tiation activity. Most likely, phosphorylation of Tau at Thr-231
is required for the interaction with the MAPK pathway.

To investigate the phosphorylation of Thr-231 in response to
NGEF, we carried out immunoprecipitations in D5 cells using
CP17, a monoclonal antibody specific for phospho-Thr-231
Tau (30). Cells were treated with or without NGF for 5 min and
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CP17 immunoprecipitates were probed with the total Tau anti-
body, Tau5. We detected human Tau at short exposures (Fig. 7,
middle panel) as well as endogenous rat Tau, at both high and
low molecular weights, after longer exposures (Fig. 7, right
panel). The appearance of CP17-positive Tau was consistent
with a requirement for phosphorylated Tau in the context of
MAPK activation. The CP17-reactive Tau was most likely
located in the lipid raft fraction of the cells because solubiliza-
tion of the cells for the immunoprecipitation required the use of
a stringent buffer to recover all of the Tau; solubilization with
1% Triton X-100 resulted in much of the NGF-induced Tau
pelleting before the immunoprecipitation (data not shown).
Lipid raft-associated Tau has been previously reported (43—
46). These data suggested a novel function for Thr-231-phosphor-
ylated Tau in response to NGF.

DISCUSSION

Previous investigations of PC12 cells with Tau depletion have
reported an effect of Tau on neurite length but effects on neu-
rite initiation have been less clear (18, 19). In the present study,
we have used cell lines stably expressing Tau shRNA to show
that Tau depletion reduced the number of neurites initiated per
cell, suggesting that Tau has a role in the NGF response prior to
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the stage of neurite elongation. Moreover, our experiments
with taxol and the S262D/S356D mutant Tau have revealed
that a separate property of Tau, other than microtubule stabi-
lization, was required to aid neurite initiation following NGF
stimulation. This finding is consistent with previous studies
demonstrating that neurite outgrowth in N2a cells required
Tau phosphorylation at Ser-262/Ser-356 (47). In this report, we
describe a new function for Tau that is separate from its micro-
tubule binding ability but also affects neurite initiation. It is well
established that the AP-1 transcription factors c-Fos and c-Jun
are activated during the differentiation response in PC12 cells
and are required for neurite outgrowth (48 -50). Our results
show that during the earliest phase of the NGF response, before
Tau levels are up-regulated, Tau served to potentiate NGF-
induced AP-1 activity. Tau depletion attenuated AP-1 tran-
scription factor activity, indirectly influencing neurite
initiation.

The first hint that Tau expression might be linked to tran-
scription factor activity came from microarray analysis showing
that AP-1 transcription factors Fos and Fosb were the two genes
most highly up-regulated in mice genetically deficient in Tau
(see supplemental data in Ref. 36). However, our results indi-
cated that Tau depletion decreased, rather than increased, the
NGF-induced activity of AP-1 transcription factors. Given that
the nature of the two experimental systems are vastly different
(an undifferentiated neuronal cell line responding to growth
factor addition versus adult mouse brain tissue), there could be
several explanations for the apparent inconsistency in these
results. We speculate that a compensatory up-regulation of
Fos and Fosb was required for survival of the mouse during
embryonic development, whereas Tau was less critical for the
viability of undifferentiated neuronal cells, rendering similar
compensatory measures unnecessary. However, in the undif-
ferentiated cells, a critical role for Tau in the induction of AP-1
transcription factor activity was revealed upon growth factor
stimulation.

The potentiation of AP-1 activity by Tau raises the issue of
nuclear Tau. Nuclear Tau has been reported in a number of cell
lines, including PC12 cells (51-53). However, looking at total
Tau in our cells, the cells did not display noticeable nuclear Tau
nor did the Tau localization significantly change after NGF
addition (data not shown). Furthermore, in our previous PC12
work (26), we found transfected Tau mainly in the cytoplasm,
rather than in the nucleus. These observations, combined with
our present data placing Tau upstream of MAPK activation and
possibly even upstream of GTPase activation (Fig. 4), make it
less likely that the effect of Tau on AP-1 transcription factors
was taking place in the nucleus. Tau phosphorylated at Thr-231
may reside in lipid rafts at the plasma membrane, as has been
previously reported for Tau phosphorylated at Ser-396/Ser-404
(43-46). Lipid rafts have established importance in signal
transduction (reviewed by Refs. 54 —56) and taken together, we
speculate that phospho-Tau affects the potentiation of MAPK
signaling in lipid rafts.

Our pharmacological tests showed that Tau affected AP-1
transcription factor activity by modulating signaling through
the MAPK pathway. In the Tau-depleted rTau4 cells, NGF-
induced MAPK reporter activity was reduced 5.5-fold relative
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to control EV cells, whereas transiently expressing human Tau
in rTau4 was able to restore MAPK reporter activity 2.3-fold
(Fig. 4B). The inability of the exogenously expressed Tau to
totally restore MAPK (or AP-1) reporter activity to control lev-
els resembled the inability of exogenous Tau to completely
restore neurite initiation to rTau4 (Fig. 24). Although it is
unclear how many pathways are being affected by Tau deple-
tion, it is also unclear if the same pathways are being affected
during both the MAPK and neurite initiation processes. In
addition, the difference in activity between EV and human Tau-
rescued rTau4 cells suggests that although high levels of exog-
enous Tau are expressed during the rescue experiment, it may
function less efficiently than endogenous Tau. Tau expressed
by transfection may differ from endogenous Tau with respect to
its subcellular localization (i.e. “mistargeting”). Moreover, Tau
expressed by transient transfection in neuronal cells usually
migrates faster than the endogenous Tau (data not shown), sug-
gesting that endogenous Tau is more efficiently phosphory-
lated. Therefore, as phosphorylation at Thr-231 is important
for the ability of Tau to enhance MAPK signaling (Fig. 6, B-D),
it is unlikely that the exogenously expressed Tau would lead to
an increase in MAPK reporter activity proportionate to its level
of expression. Exogenous Tau may be a suboptimal substrate
and/or binding partner for endogenous proteins. Nonetheless,
our data indicate that Tau was able to provide a significant
restoration of MAPK signaling to Tau-depleted cell lines, sug-
gesting that Tau has a role in signaling at a point upstream of
MAPK activation and that Tau is necessary for normal levels of
MAPK to be activated during the NGF response.

The ability of constitutively active-Ras to restore MAPK
activity in Tau-depleted rTau4 cells suggests that Tau might
impact on signaling upstream of Ras activation. Among the
different ways Tau might affect MAPK signaling are inter-
actions with signaling protein complexes or alterations in
microtubule-dependent growth factor receptor trafficking to
the cell surface. Studies performed in vitro and in cells have
suggested a role for Tau in axonal transport and vesicle traffick-
ing where it has been found that the presence of Tau inhibited
transport (57—-63), whereas another study carried out in mice
reported that the Tau level had no effect on transport (64).
Based on these findings, one would not predict that Tau deple-
tion would inhibit vesicle transport or lead to decreases in
growth factor receptors (e.g. TrkA, EGFR) at the cell surface
that would attenuate MAPK signaling. Therefore, because our
experiments showed that depleting Tau decreased MAPK sig-
naling and adding Tau increased signaling, the data did not
support the involvement of altered receptor trafficking. In
addition, our rescue experiments (Fig. 6) suggested that the
mechanism did not involve the ability of Tau to associate with
microtubules. This also makes it unlikely that a microtubule-
dependent mechanism such as vesicle transport is involved.

Our rescue experiments also demonstrated that phosphory-
lation of Tau at Thr-231 was necessary for its effect on MAPK
reporter activity (Fig. 6, B-D). Also, the phosphorylation of Tau
at Thr-231 was increased in response to a 5-min NGF treatment
(Fig. 7) and both endogenous and exogenously expressed Tau
were phosphorylated. Although our study does not identify the
kinase responsible for phosphorylation at Thr-231, Thr-231 isa
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known substrate for several kinases including glycogen syn-
thase kinase-38 (37, 65, 66) and members of the MAPK family
such as ERK, c-Jun N-terminal kinase (JNK), and p38 (67-70).
Because glycogen synthase kinase-3f is typically inactivated in
response to NGF or EGF signaling (71), the phosphorylation of
Tauat Thr-231 in the context of growth factor signaling is likely
to be mediated by MAPK family members, leading to a positive
feedback mechanism that would enhance signaling. In fact, Tau
was also found to potentiate MAPK activation in response to
EGF (Fig. 5A), suggesting that Tau impacts on MAPK signaling
through a mechanism common to both NGF and EGF growth
factor signaling pathways. However, the presence of Tau did
not change the regulation of MAPK activation that ensued
post-NGF or EGF addition. Similarly, the overexpression of
Tau in D5 cells did not induce neurite initiation in response to
EGF and we anticipate that Tau would not affect the rapid deg-
radation of the EGF receptor that normally follows EGF activa-
tion (72, 73). These findings underline our hypothesis, that Tau
serves to potentiate the existing levels of NGF- or EGF-acti-
vated MAPK, in a phosphorylation dependent manner.

Although we have established a requirement for Thr-231
phosphorylation as Tau participates in MAPK signaling, the
mechanism through which this phosphorylation impacts on
downstream signaling remains to be elucidated. Tau sequence
surrounding Thr-231 contains multiple PXXP motifs capable of
binding the SH3 domains of signaling proteins, and phosphor-
ylation at this site may regulate the association between Tau
and components of the MAPK pathway (7, 11, 39, 40). Although
our results are limited to growth factor-induced MAPK signal-
ing in PC6-3 cell lines, we speculate that these findings may
have a functional role in early brain development and might
explain the presence of increased levels of Thr-231-phosphory-
lated Tau in the fetal brain (74). The phosphorylation of fetal
Tau at Thr-231 also coincides with an up-regulation of MAPK
signaling (reviewed in Ref. 75 and 76), as would be expected if
Tau is involved in signaling through this pathway. Further
experimentation in primary neurons and neuronal stem cells
will provide additional insights.

Phosphorylation of Tau at Thr-231 is one of the earliest
phospho-epitopes to appear in Alzheimer disease (77— 80), and
one of several Tau phosphorylation sites thought to “recapitu-
late” early brain development during neuropathogenesis (81—
83). It will be of interest to determine whether there is a rela-
tionship between Tau, A peptide, and the increased levels of
AP-1 transcription factors and MAPKs reported in tangle pos-
itive neurons (84— 86). In addition, in human neuroblastoma
cells, the presence of P301L mutant Tau altered the transcrip-
tion patterns of AP-1-regulated genes (16) and we speculate
that this may be due to the effect of Tau on AP-1 activation.
Last, a requirement for the amino terminus of Tau in AB-me-
diated signaling has been reported (87), consistent with our
finding that the microtubule binding activity of Tau is not
required for its role in NGF-activated signal transduction.

In conclusion, we have shown that Tau potentiates signal
transduction associated with growth factor stimulation in a
manner that does not involve its microtubule binding activity
but requires phosphorylation at Thr-231. These findings shed
new light on how Tau may be affecting the differentiation and
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maturation of the developing brain, as well as the pathogenesis
of neurodegenerative diseases such as Alzheimer disease.
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