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Abstract

Tau, a neuronal microtuble-associated protein (MAP) plays an important role in the forma-
tion and maintenance of neuronal polarity. Tau mRNA is a stable message and exhibits a rela-
tively long half-life in neuronal cells. The regulation of mRNA stability is a crucial determinant
in controlling mRNA steady-state levels in neuronal cells and thereby influences gene expres-
sion. The half-lives of specific mRNAs may be dependent on specific sequences located at their
3'untranslated region (UTR), which in turn, may be recognized by tissue-specific proteins.

To identify the sequence elements involved in tau mRNA stabilization, selected regions of
the 3'UTR were subcloned downstream to c-fos reporter mRNA or to the coding region of the
tau mRNA. Using stably transfected neuronal cells, we have demonstrated that a fragment of
240 bp (H fragment) located in the 3'UTR can stabilize c-fos and tau mRNAs. Analysis of stably
transfected cells indicated that the transfected tau mRNAs are associated with the microtubules
of neuronal cells, suggesting that this association may play a role in tau mRNA stabilization.
This step may be a prerequisite in the multistep process leading to the subcellular localization
of tau mRNA in neuronal cells.

Index Entries: Tau mRNA; 3'untranslated region; message stabilization; microtubules; PC12
cells; LAN-1 cells.

Introduction

The posttranscriptional regulation of mRNAsta-
bility plays an important role in eukaryotic gene
expression by modulating the cytoplasmic abun-
dance of individual mRNAs. Although the impor-

tance of mRNA stability has been recognized, the
structures and mechanisms involved are just begin-
ning to emerge. It has been established that mRNA
decay is a controlled process dependent on spe-
cific cis-acting sequences and trans-acting factors
acting in a tissue-specific manner (Amara et al,,
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1994). The half-lives of different mRNAs in a given
cell may vary considerably, and may cover a wide
spectrum. mRNAs exhibiting short half-lives of
<1 h, e.g. of c-myc (Wisdom and Lee, 1991), c-fos
(Shyu et al., 1991), and MATal (Parker and Jacob-
son, 1990), encoding for protooncogenes and cycle
control factors, have been documented. On the
other hand, mRNAs that accumulate in terminally
differentiated cells with half-lives of >50 h, e.g., of
crystalline (Li and Beebe, 1990) collagen
(Hamalainen et al., 1985; Maatta et al., 1995) and a-
globin (Aviv et al., 1976; Lodish and Small, 1976;
Weiss and Liebhaber, 1994), have been reported.

The sequences that have been found tobeinvolved
in mRNA stabilization include the Poly(A) tail
(Jacobson and Peltz, 1996) and specific sequences
located within the 3'-UTR and/or 5-UTR (Leibold
and Munro, 1988; Casey et al., 1989). Stabilization
signals located within the 3-UTR of mRNAs have
been reported for specific messages, including amy-
loid precursor protein mRNA (D’arcangelo and
Halegoua, 1993; Rajagopalan et al., 1998), ribonu-
cleotide reductase R2 mRNA (Amara et al., 1994),
transferrin receptor mRNA (Leibold and Munro,
1988), a-globin (Weiss and Liebhaber, 1994; Wang et
al., 1996; Wang and Leibhaber, 1996), and GAP-43
(Kohn et al., 1996; Tsai et al., 1997). It is clear that
although common sequences may be present in dif-
ferent mRNAs transcripts, they still may be differ-
entially regulated. These differences may reflect, in
part, the presence of additional sequences affecting
the secondary structure of the regions and binding
of protein factors that are cell-type- or stage-specific
(Brewer, 1991; Crosby et al., 1991).

Tau microtubule-associated proteins (MAPs)
constitute a heterogeneous family (55-62 kDa) of
neural specific proteins, found primarily in the
axon, thatare developmentally regulated. The func-
tion of tau in the stabilization of microtubules
(MTs), which are important for both establishing
and maintaining neuronal morphology, has been
demonstrated (Kosik, 1997). Tau mRNA is a stable
message, exhibiting a relatively long half-life (Sadot
et al., 1995). It has been documented that the accu-
mulation of tau mRNA in brain precedes the accu-
mulation of tau protein by 2and 10 d in the cerebrum
and cerebellum, respectively (Mangin et al., 1989).
In PC12 cells the half-life of tau mRNA increases
by threefold following neuronal growth factor
(NGF)-induced differentiation (Sadot et al., 1995).
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Our previous studies using the in situ hybridiza-
tion approach demonstrated that unlike tubulin
mRNA, which is confined to cell bodies, or MAP2
mRNA, which extends into dendrites, tau mRNA
enters the proximal portion of the axon (Litman et
al., 1993). This localization process involves cis-
acting sequences located in the 3'UTR region of
tau mRNA, binding of specific trans-acting pro-
teins, and is associated with the neuronal MTs
(Litman et al., 1994; Behar et al., 1995). Thus, it has
been suggested that the cytoskeleton is involved
in the multistep localization process, which
includes translocation, anchoring, and stabiliza-
tion of mRNA (Bogucka-Glotzer and Ephrussi,
1996; Bassell and Singer, 1997).

Inthe present work, we haveidentified the 3'UTR
region, which confers tau mRNAstability. Thisregion
increases the stability of c-fos reporter mRNA fol-
lowing tansfection into PC12 cells. In addition, we
have identified a region of 240-bp sequence (frag-
ment H), which affects taumRN A stabilization both
in PC12 and LAN-1 neuronal cell lines. Finally, we
demonstrated the association of this region with
MTs, suggesting that the MTs are instrumental in
the stabilization process that may be a prerequisite
for the localization of tau mRNA in neuronal cells.

Materials and Methods

Cell Cultures

Rat adrenal pheochromocytoma (PC12) cells
(Greene and Tischler, 1976) were grown in Dul-
becco’s Modified Eagle’s Medium (DMEM) sup-
plemented with 8% horse serum and 8% fetal calf
serum (FCS) in 8% CO, incubator at 37°C. For NGF
treatment, 1.2-1.5 x 10° cells were plated on col-
lagen-coated 90-mm plates and grown in DMEM
supplemented with 1% horse serum, 2 mM gluta-
mine, and 50 ug/mL gentamycine. For induction
of the cells 50 ng/mL of 7S NGF (Alomone Labs,
Jerusalem, Israel), was added every 2 d.

Human neuroblastoma (LAN-1) cells (Lopresti
et al., 1992) were grown in RPMI-1640 medium,
supplemented with 10% FCS, 2 mM glutamine, 50
U/mL penicillin, and 50 pg/mL streptomycin in a
5% CO, incubator at 37°C. For Bt,AMP treatment,
cells were plated at a density of 0.6~1 x 10° cells on
90-mm plates and 1 mM of Bt,AMP, which was
added every 2 d.
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A
Tau cDNA Ter

133

IOm>

Fragment H

GGCGCCATCGTGGATGGAGTCCGTGTGTCCTGGAGATTACCCTGGACACCTCTGCTT
TITITITTTTTACTTITAGCGGTTGCCTCCTAGGCCTGACTCCTTCCCATGTTGAACTGG
AGGCAGCCAAGTTAGGTGTCAATGTCCTGGCATCAGTATGAACAGTCAGTAGTCCCA
GGGCAGGGCCACACTTCTCCCATCTTCTGCTTCCACCCCAGCTTGTGATTGCTAGCC

TCCCAGAGCT

Fig. 1. (A). Schematic representation of tau mRNA subregions employed for the stability experiments. Fragment
A corresponds to the first 282 nucleotides of the 3" UTR (Kosik et al., 1989). Fragments B, C, and H correspond
to nucleotides 1124-2800 (1676 bp), 2519-3869 {1350 bp), and 2519-2760 (240 bp), respectively, on the whole
tau cDNA clone (Sadot et al., 1994). (B) The 241-bp sequence of fragment H. The bold characters represent 21

bp of the AU-rich region.

Plasmid Constructs

All constructs included either the coding region
of c-fos, used as a reporter gene (Greenberg and
Ziff, 1984), or tau coding region (Sadot et al., 1994),
ligated to fragments from tau 3'UTR in PC1Neo
vector (Promega).

Fos constructs included tau 3" UTRs (Fig. 1; A
corresponds to the first 282 bp of tau 3'UTR fol-
lowing the termination codon, and corresponds to
nucleotides 1124-1406 (Kosik et al., 1989). Frag-
ments B-1395 bp and C-1351 bp correspond to
nucleotides 1124-2799 and 2519-3869, respectively
(Sadot et al., 1994).

Tau constructs contained hemagglutinine (HA)
flag (30 bp) fused in frame to the N-terminus of
tau coding region. HA-tau coding construct
included the tau coding region only, HA-tau
coding-B included the tau-coding region linked to
fragment B, and HA-tau coding-H included tau-
coding region linked to 241 bp of the 3’'UTR
sequences (2519-2760), (Sadot et al., 1994) (Fig. 1).

Stable Transfections

PC12 cells (2 x 10°) were transfected using the
lipofectin reagent (BRL). After 48 h, the medium
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was replaced by fresh medium containing 400
ug/mL neomycin (G418). The medium was
changed every 4 d, and pools of resistant trans-
formed cells were obtained at theend of 2 wk, which
were further processed to obtain single transfected
cell clones.

Transfections into LAN-1 cells were performed
by the CaPO, procedure using BES buffer (Sam-
brook etal., 1989), and the selection was performed
as described above.

RNA Isolation and RNase Protection Assay

Total RNA was extracted from PC12 and LAN-
1 cells utilizing RN Azol B according to the manu-
facturer’s instructions (Cinna Biotecx Laboratories
Inc.). For the analysis of RNA isolated from cells
tansfected with c-fos constructs, the probe included
the junction fragment of the human c-fos and tau
3’-noncoding region. For RNA isolated from PC12
cells transfected with tau constructs, the probe
included the fragment containing HA flag linked
to the first 250 bp of the tau coding region, thus
allowing one to distinguish between the endoge-
nous and transfected tau mRNAs. RN A probes were
transcribed by T3 RNA polymerase from the blue-
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script plasmids containing either tau, c-fos, or glyc-
eraldehyde-phosphate dehydrogenase (GAPDH)
inserts in the presence of [**P] UTP 800 Ci/mmol
(Amersham). Total RNA (40 ug) was annealed to
250,000 cpm of [*P]-labeled antisense RNA probe
for 5 min at 85°C in 80% formamide, 40 mM piper-
azine-N,N-bis-ethane-sulfonic acid (PIPES) buffer
(pH = 6.4), 400 mM NaCl, and 1 mM ethylene
diamine tetra-acetic acid (EDTA). Hybridization
was allowed to continue for at least 16 h at 45°C.
Single-stranded RNA was digested for 30 min at
4°C with 100 pg/mL of RNase A (Sigma) and 800
U/mL RNase Ty (BRL). The RNases were inacti-
vated by incubation with 250 ug/mL proteinase K
and 0.3% sodium dodecyl sulfate (SDS) for 20 min
at37°C. The protected RN A hybrids were extracted
with a phenol—chloroform-isoamyl alcohol mix-
ture. Following ethanol precipitation, the RNAwas
dissolved in 80% formamide, incubated for 5 min
at 85°C, and electrophoresed on a 6% acrylamide
urea gel. The gel was dried, and the autoradiogram
film was exposed for 1 d at —=70°C using an inten-
sifying screen. The intensity of the radioactive pro-
tected bands was analyzed by the aid of a
computerized video imaging system (Biological
Detection Systems, Pittsburgh, PA).

mRNA Stability Analysis

The half-lives of fos and tau mRNAs were mea-
sured after treatment with actinomycin D (Sigma),
5-10 ug/mL, an inhibitor of transcription. Typi-
cally, total RNA was isolated from control cells, or
cells treated with actinomycine D for 5, 17, 20, or
25 h. Twenty to 40 ug of RNA were analyzed by
RNase protection assay, using specific probes as
described above.

Cell Fractionation and RNA Preparation

Total RNA was extracted from PC12 cells and
LAN-1 cells under conditions that preserve pre-
existing MTs and allow the quantitative separation
of in vivo assembled MTs from unassembled tubu-
lin (Black and Baas, 1989; Litman et al., 1993). Gen-
erally, cultures were rinsed twice with Ca2*
and Mg?* free PBS, scraped, and homogenized in
buffer A: 100 mM PIPES buffer (pH 6.9), 0.5% Triton
X-100, 1 mM MgSQy,, 25 mM KCl, a mixture of pro-
tease inhibitors (1 mM phenylmethyl sulfonyl flu-
oride [PMSF], 10 ug/mL aprotinin, 10 ug/mL
leupeptin, and 10 ug/mL pepstatin [Sigma]), in the
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presence of MT-stabilizing reagents (4 M glycerol,
5% v/v dimethylsulfoxide [DMSO], 10 nM Taxol,
1 mM EGTA), 20 mM vanadyl sulfate ribonucleo-
side complex (BRL), and 25 ng/mL yeast tRNA
(Sigma). Following centrifugation at 12,000g in
Eppendorf centrifuge, the supernatant was
removed and centrifuged at 32,000¢ in a Beckman
airfuge for 30 min at room temperature to yield
assembled MTs and unassembled tubulin fractions.
RNAwasisolated and analyzed as described above.

Colchicine Treatment

In order to study the involvement of MTs in
tau mRNA stabilization, transfected induced and
noninduced PC12 and LAN-1 cells were treated
with 50 uM colchicine (Sigma) for the indicated
time periods. At the end of incubation time, total
RNA was isolated and analyzed by RNase protec-
tion assay, as described above.

Statistical Analysis

The intensity of protected fragments, as visual-
ized with the aid of a computerized video imaging
system (Biological Detection Systems), was mea-
sured and expressed as percent of control. The data
are’f)resented astheintegrated intensity value mul-
tiplied by the area occupied by the signal and stan-
darized in comparison to GAPDH signals (a
protected fragment of 100 bp). For each experiment,
asingle exponential decay curve was used to obtain
the t;, value, using the mathematical function f(x)
= ge — bx. The b value was resolved by the Sigma
Plot 4.11 computer program (Jandel Scientific) and
t,,, was calculated as the ratio of 0.69/b. The fig-
ures and interactions of the function were obtained
using the Sigma Plot 4.11 computer program. Data
were analyzed by ANOVA, followed by Bartlett’s
test for homogeneity of variance. Bonferroni’s test
of multiple comparisons was applied as the post
hoc test.

Results

Identification of Tau 3 UTR Region
that Stabilize c-fos Reporter mRNA

Previous studies have indicated that the stabil-
ity of tau mRNA is increased following NGF treat-
ment of PC12 cells (Sadot et al., 1995). In order to
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Fig. 2. The steady-state levels (A, B) and half-lives (C, D) of transfected c-fos mRNA constructs in PC12 cells.
(A) RNase protection assay using c-fos as a probe. RNA extracted from control PC12 cells and from stable trans-
fected PC12 lines with c-fos coding region and constructs fos-A, fos-B, and fos-C, untreated and treated for 6 d
with NGF. The GAPDH probe (100 bp) was used as a standard for equal loading control (a representative exper-
iment). (B) Quantitative analysis of four experiments expressed in arbitrary units. I shows c-fos mRNA levels in
noninduced cells, B shows the levels of c-fos mRNA in NGF-induced transfected cells. Data are mean + SEM of
four experiments. Asterisks mark a significant difference in tau mRNA levels (**p < 0.01). (C) The half-life of fos-
B mRNA in transfected PC12 lines. RNase protection assay using c-fos as a probe. The GAPDH probe (100 bp)
was used as a standard for equal loading control (a representative experiment). (D) Quantitative analysis of four
experiments expressed as percent of total RNA level present before and after the addition of the actinomycin D.
The half-life of fos-B mRNA in induced PC12 cells was 5.8 h (8) compared to 2 h in noninduced cells (o).

identify sequence elements involved in tau mRNA NGF induction, as compared to control nontrans-
stabilization, selected regions of the 3'UTR (Fig. 1) fected differentiated PC12 cells (data not shown).
were subcloned downstream of the coding region RNase protection assays using human c-fos as a
of a human c-fos cDNA. C-fos was previously shown probe were performed to determine the steady-

to have a short half-life, with t;,, of about 30 min state levels of c-fos mRNA linked to tau 3'UTRs in
both in 3T3 and PC12 cells (Curran and Morgan, the stable transfected PC12 lines, untreated or
1985; Bartel et al., 1989; Haby et al., 1994), and thus, treated with NGF for 6 d (Fig. 2A,B). PC12 cell lines

it was assumed that any stabilization effects could transfected with fos-B, showed a significantincrease
be detected. of sixfold in the steady-state levels of c-fos mRNA

Four stable lines of PC12 cells tranfected with following treatment with NGF. Other transfected
constructs containing the c-fos coding region or PC12 lines with c-fos coding region alone, fos-A, or

c-fos linked to tau 3'UTR subregions-A (fos-A), B fos-C did not show any significant differences in
{fos-B), and C (fos-C) were isolated. The transfected the levels of c-fos mMRNA following NGF treatment
PC12 cell lines expressing c-fos constructs did not (Fig. 2B). Nontransfected PC12 cells did not show
show any morphological differences following any background signal with human c-fosas a probe.
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Fragments B and C overlap in a region H (Fig. 1),
which in the following experiment was found to
be sufficient for tau stabilization. However, frag-
ment C does not show any effect on c-fos mRNA,
which may suggest that the additional region in
fragment C or the mRNA structure transcribed in
these cells may interfere with or not facilitate fos-
mRNA stabilization. These results suggested that
sequences present in fragment B may affect the sta-
bility of c-fos mRNA in transfected PC12 cells in
response to NGF induction.

The Half-Life of c-fos Linked
to Tau 3’UTR mRNA in PC12 Cells

The effect of fragment B on the half-life of c-fos
mRNA in transfected PC12 cells was tested follow-
ing actinomycin D treatment of cells grown in the
presence or absence of NGE For these experiments,
we chose fos-B-transfected PC12 cell line, since this
transfected line showed maximallevels of fosmRNA
following NGF treatment. Actinomycin D was
added to NGF-treated or untreated fos-B transfected
cells, and RN A was extracted at the indicated time-
points (Fig. 2C,D). RNase protection assays were
performed, and the t,, of fos-B mRNAs were cal-
culated from the decay curves, after normalization
using GAPDH mRNA signal (which yields a pro-
tected fragment of 100bp). The results demonstrated
that in NGF-treated PC12 cells, the half-life of fos-B
mRNA increased by more than twofold, as com-
pared to noninduced cells, transfected with fos-B
(t;» =5.8 hor 2 h for fos-B + NGF and fos-B respec-
tively) (Fig. 2D). These results indicate that the
sequences present in fragment B affect the half-life
of c-fos (of t; , = 30 min) (Greenberg and Ziff, 1984).
Moreover, the stabilization effect is enhanced by
NGF treatment. The specificity of the effect to neu-
ronal cells was tested when nonneuronal 3T3 cells
were transfected with constructs that contain c-fos
aloneand fos-Bsequences. The half-lives of fos-Band
fos mRNAs in transfected 3T3 cells treated with
actinomycin D were not significantly different from
endogenous fos mRNA (t; , = 30 min) when tested
by RINase protection assay (data not shown).

Identification of Sequences of 3 UTR
Involved in Stabilization of Tau mRNA

To test the stabilization effect of 3'UTR sequences
on tau mRNA, three constructs were prepared. All

Journal of Molecular Neuroscience

Aronov, Marx, and Ginzburg

the constructs contained the HA tag sequence (30
bp) linked to the N-terminus of the tau coding
region (cod), the tau coding region linked to frag-
ment B (cod-B), which showed the maximal effect
onc-fos, and fragment H (cod-H), subregion of frag-
ment B (Fig. 1). Fragment H contains an AU-rich
region, which was previously demonstrated tobind
neuronal proteins that were enriched in the micro-
tubule fraction (Behar et al., 1995). Recently, these
proteins were identified as belonging to the Elav-
like proteins involved in mRNA stabilization
(Chung et al., 1997; Aranda et al., 1999).

The steady-state levels of cod, cod-B, and cod-
HmRNAs in transfected PC12 cells were measured
using RNase protection assays. The probe used in
these experimentsincluded thesequence of the HA
tag and allowed the concomitant identification of
endogenous and transfected tau mRNA of 250 and
280 bp of protected fragment, respectively (Fig. 3
A,B). The results show an increase in the steady-
state levels of cod-B and cod-H mRNAs by 3.2-and
4-fold, respectively, as compared to cod signal, fol-
lowing NGF treatment. This increase is similar to
the known induction of tau mRNA in NGF-treated
PC12 cells. These results suggest that sequences
present in fragment B and in H, which is part of
fragment B, are involved in the stabilization of
tau mRNA and are more pronounced in response
to NGF induction.

The half-lives of cod, cod-B, and cod-H mRNAs
in transfected PC12 cells were tested following
actinomycin D treatment (Fig. 3C,D). Actinomycin
Dwasadded to NGF-treated or untreated cells, and
RNA was extracted at the indicated time-points
and analyzed by RNase protection assays. The t, ,
of tau mRNAs was calculated from the decay
curves, after normalization with GAPDH mRNA
signal. The results demonstrated that in nonin-
duced PC12 cells, the half-lives of cod-B mRNA
and cod-H mRNA were increased by 2- and 4.5-
fold as compared to cells transfected by cod alone
(t;» = 3.5, 7, or 16 h for cod, cod-B, and cod-H,
respectively) (Fig. 3C). After 6 d of NGF treatment,
the half-life of cod-B mRINA increased to 20 h and
of cod-H mRNA increased to 35 h in comparison
with cod, which increased to 11 h (Fig. 3D). These
results indicate that the sequences present in frag-
ment B and in subfragment H affect the half-life of
tau mRNA, which s prolonged by NGF treatment.
The increase in the half-lives of the transfected
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Fig. 3. The steady-state levels (A, B) and half-lives
(C, D} of transfected tau mRNA constructs in PC12
cells. (A) RNase protection assay using HA-tau coding
fragment as a probe. RNA extracted from stable trans-
fected PC12 lines with cod, cod-B, and cod-H tau
mRNAs constructs untreated and treated for 6 d with
NGF. The GAPDH probe (100 bp) was used as a stan-
dard for equal loading control (a representative exper-
iment). (B) Quantitative analysis of four experiments
expressed in arbitrary units. 0 Shows the transfected
tau mRNAs levels innon induced cells, whereas mshows
the levels of tau mMRNAs in NGF-induced transfected
cells. Data are mean = SEM of four experiments. Aster-
isks mark a significant difference in tau mRNA levels.
(**p < 0.01). (C, D) The half-life of cod (e), cod-B (¥),
and cod-H (#) tau mRNAs in transfected PC12 lines.
The RNA was extracted and analyzed by RNase pro-
tection assay using HA-tau probe. Quantitative analy-
sis of four experiments expressed as percent of total
RNA level present before and after the addition of the
actinomycin D. (C) The half-lives of cod, cod-B, and
cod-H were 3.5, 7, and 16 h, respectively, for tau
mMRNAs in noninduced transfected PC12 lines, and (D)
the half-lives of cod, cod-B, and cod-H were 11, 20,
and 35 h, respectively, for tau mRNAs in induced trans-
fected PC12 lines.
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mRNAs may therefore contribute to the increase
in their steady-state levels observed in Fig. 3A,B.

To verify that the stabilization effect is not lim-
ited to PC12 cells, the effect of the 3'UTR fragments
on tau mRNA levels and half-lives was tested in
LAN-1 human neuroblatoma cells, which differ-
entiate and extend neurites following Bt,AMP
induction (Lopresti et al., 1992). LAN-1 cells were
transfected with the same constructs (cod, cod-B,
and cod-H), and stable transfected lines were iso-
lated. The steady-state levels of tau mRNA in the
three lines, untreated and treated for 4 d with
Bt, AMP, were measured using RN Aase protection
assays (Fig. 4A). The steady state levels of the three
expressed mRNAs were increased following
Bt,AMP treatment. Cod-B and cod-HmRNA levels
showed a significant increase of 2.5- and 3.5-fold
as compared with cod alone (Fig. 4B).

The half-lives of cod, cod-B, and cod-H mRNAs
were analyzed following actinomycin D treatment
of transfected LAN-1 cells, untreated or treated with
Bt,AMP. The results demonstrated that in LAN-1
cellsthe half-lives of cod-BmRNA and cod-HmRNA
increased by three- and fourfold, respectively, as
compared to cells transfected with cod alone. The
t, - of cod, cod-B, and cod-H were 4.6, 14, and 19 h,

respectively (Fig. 4C). Following induction with

Bty AMP, the half-lives of the cod-B and cod-H
mRNAsincreased to 24 and 30 hin comparison with
cod, which increased to 10.8 h (Fig. 4D). The simi-
larity of theresults obtained in both PC12 and LAN-
1 neuronal cells demonstrates the involvement of
3'UTR in tau mRNA stabilization, regardless of the
cell systems employed. Moreover, in both cell lines,
tau mRNA half-life is increased following neuronal
differentiation, which further confirms the involve-
ment of tau mRNA in neurite outgrowth.

Tau mRNA Association with the MTs

Previous work using primary neuronal cell cul-
tures demonstrated that tau mRNA is associated
with the MTs (Litman et al., 1994). The following
experiments were performed in order to examine
whether the association with MTs, through the 3’-
UTR region, in addition to the Poly(A) region, may
contribute to the mechanism affecting tau mRNA
stability (Figs. 5 and 6).

Cellular fractionation of noninduced and NGF-
induced transfected PC12 cells into the MT (pellet)
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Fig. 4. The steady-state levels (A, B) and half-lives (C, D) of transfected tau mRNA constructs in LAN-1 cells.
(A) RNase protection assay was performed using HA-tau probe. RNA extracted from stable transfected LAN-1 lines
containing cod, cod-B, and cod-H tau mRNAs constructs untreated and treated for 4 d with Bt;AMP. The GAPDH
probe (100 bp) was used for equal loading control (a representative experiment). (B) Quantitative analysis of four
experiments expressed in arbitrary units. @ shows transfected tau mRNAs levels in noninduced cells, whereas
m shows the levels of tau mRNAs in BtyAMP-induced cells. Data are mean + SEM of four experiments. Asterisks
mark a significant difference in tau mRNA levels. (**p < 0.01). (C, D) The half-life of cod (e), cod-B (¥), and cod-H
(#) tau mRNAs in transfected LAN-1 lines. RNase protection assay was performed using HA-tau probe. Quanti-
tative analysis of four experiments expressed as percent of total RNA level present before and after the addition
of the actinomycin D. (C) The half-lives of cod, cod-B, and cod-H were 4.6, 14, and 19 h, respectively, for tau
mRNAs in noninduced transfected LAN-1 lines, and (D} the half-lives of cod, cod-B, and cod-H were 10.8, 24,

and 30 h, respectively, for tau mRNAs in induced transfected LAN-1 lines.

and cytoplasmic (supernatant) fractions was per-
formed under the fractionation condition, which
preserves the cellular assembled MT fraction. RNA
was extracted from the corresponding MTs and
cytoplasmic fractions and analyzed by RNase pro-
tection assay using tau-specific probes. TaumRNA
was found primarily in the MT fraction in all the
cell lines tested, regardless of their state of differ-
entiation as compared to GAPDH (Fig. 5A), which
is found mostly in the soluble supernatant fraction
(Burginetal., 1990; Litmanetal., 1994). These results
areinaccord with our previous experiments, which
demonstrated the association of tau mRNA with
microtubules of neuronal cells (Litman et al., 1994).
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A quantitative analysis of the proportions of
tau mRNA transcribed from constructs containing
fragments B or H, isolated from the supernatant-
soluble and assembled MTs fractions, is shown in
Fig. 5B. In all the experiments performed, between
70 and 95% of tau mRNA was found in the pellet
fraction. These results indicated that in all trans-
fected PC12 cell lines, tau mRN A is associated with
the MT system, and the level of tau mRNA associ-
ated with the pellet fraction is higher in cells trans-
fected with constructs containing fragment B or H
as compared to the cells transfected with a con-
struct containing the coding region only. Moreover,
the fraction associated with MTs is increased fol-
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Fig. 5. Association of transfected cod, cod-B, and
cod-H tau mRNAs with the MT fraction prepared from
PC12 cells. (A) RNase protection assay was performed
on RNA isolated from soluble supernatant (S) and
assembled MTs pellet (P) fractions isolated from PC12
cellstransfected with cod, cod-B, and cod-H constructs
untreated or treated for 6 d with NGF. The GAPDH
probe (100 bp) was used for equal loading control (rep-
resentative experiment). (B) Quantitative analysis of
four experiments expressed as percent of total RNA
level. a Shows the level of transfected tau RNAs iso-
lated from soluble supernatant, whereas m shows the
levels of tau mRNA isolated from assembled MTs pellet
fraction. Data are mean + SEM of four experiments.
Asterisks mark a significant difference of the tau mMRNA
found in the pellet as compared to the supernatant
fraction (*p < 0.05; **p < 0.01).

lowing NGF treatment, as demonstrated in a repre-
sentative experimentshownin Fig. 5A. These results
are in agreement with the results shown in Fig. 3,
indicating increased steady-statelevelsand half-lives
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Fig. 6. Association of transfected cod, cod-B, and
cod-H tau mRNAs with the MT fraction prepared from
LAN-1. (A) RNase protection assay was performed on
RNA isolated from soluble supernatant (S) and assem-
bled MTs pellet (P) fractions isolated from LAN-T cells
transfected with cod, cod-B, and cod-H constructs
untreated or treated for 4 d with BtyAMP. The GAPDH
probe (100 bp) was used for equal loading control
(represantative experiment). (B) Quantitative analysis
of four experiments and expressed as percent of total
RNA level. @ Shows the [evel of transfected tau RNAs
isolated from soluble supernatant, whereas ® shows
the levels of tau mRNA isolated from assembled MTs
pellet-fraction. Data are mean = SEM of four experi-
ments. Asterisks mark a significant difference of the
tau mRNA found in the pellet as comparedto the super-
natant fraction (*p < 0.05; **p < 0.01).

of cod-B and cod-H tau mRINAs in transfected PC12

cell lines following NGF-induced differentiation.
Similar results were observed in transfected

LAN-1 cell lines (Fig. 6A, B). The results indicate
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Fig. 7. Effect of colchicine treatment on tau mRNA
levels in transfected LAN-1 cells. Induced and nonin-
duced transfected LAN-1 cells with tau constructs con-
taining the cod, cod-B, and cod-H were treated with
colchicine for 1.5, 3, and 6 h. (A) RNase protection
assay was performed using HA-tau probe. (B) Quan-
titative analysis of four experiments expressed as per-
cent of total RNA level present before and after the
addition of the colchicine. Data are mean + SEM of
four experiments showing a significant difference in
tau mRNA levels following treatment with colchicine
for the specified time (hours). Asterisks mark a signif-
icant difference (*p < 0.05; **p < 0.01).
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that the total level of tau mRNA is increased fol-
lowing induction (Fig. 6A), and a higher propor-
tion is associated with the MT fraction (Fig. 6B).
These experiments arein agreement with theresults
shown in Fig. 4. which showed increased steady-
statelevels and half-lives for the constructs, includ-
ing fragment B or H. In addition, the proportion of
tau mRNA associated with MT fraction is higher
inboth PC12 and LAN-1 cells transfected with cod-
H construct, which may suggest a higher affinity
between the mRNA species and MTs, beyond the
association via the Poly(A) tail, similar to our pre-
vious findings for endogenous tau mRNA in pri-
mary neuronal cell cultures (Litman et al., 1994).

To analyze further the protective effect of the
association on tau mRNA with MTs, transfected
LAN-1 cells were treated with colchicine, which
depolymerizes the MTs. Cells were treated for the
indicated time periods with colchicine, and the
levels of tau mRNAs were tested by RNase pro-
tection assays and normalized to GAPDH mRNA
signals (Fig. 7).

The results demonstrate that treatment with
colchicine reduces the levels of tau mRNAs in all
the three LAN-1-transfected cell lines tested. In
noninduced LAN-1 cells transfected with coding
region only, colchicine treatment caused rapid
detrease of the tau mRNA levels (after 1.5and 3 h),
whereas in cells transfected with cod-B or cod-H,
the messages levels were more stable by four to five
times. After 6 h of colchicine treatment, the signal
of tau coding mRNA disappeared completely (Fig.
7A), but in cells transfected with cod-B or cod-H,
aresidual level was observed after 3 or 6 h of treat-
ment. In induced LAN-1 cells following 1.5, 3, and
6 h of colchicine treatment, the levels cod-B and
cod-H were 2-2.5 times higher as compared to the
level observed in cells transfected with cod alone
(Fig.7 B). These results demonstrate that treatment
with colchicine reduces the levels of tau mRNAs
in all cell lines tested. However, the 3’-UTR
sequences of fragment B and H of 3'UTR render
the messages more stable, even under the depoly-
merization conditions of MT, and thus suggest that
theseregions play arolein the association with MT.

Discussion

Tau, a neuronal MAP, plays an important rolein
the formation and maintenance of neuronal polar-
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ity. The expression of tau is regulated transcrip-
tionally (Sadot et al., 1996) and posttranscription-
ally by stabilization and subcellular localization of
tau mRNA. We have previously demonstrated that
the tau gene promoter is responsive to NGF stim-
ulation in PC12 cells (Sadot et al., 1996). However,
the increased levels of tau mRNA and proteins
observed during neurite outgrowth (Drubin et al.,
1988; Caceres and Kosik, 1990) are also contributed
by tau mRNA stabilization (Sadot et al., 1995). In
the present study, we have identified the region in
the tau 3’'UTR that affects tau mRNA stability. We
have shown that fragment B derived from tau
3"UTR confers stability to heterologous c-fos when
used as a reporter mRNA, in transfected PC12 cells
(Fig. 2). Similar stabilization effects was observed
when this region, which contains 1400 bp and is
about one-third of the total 3’'UTR, was linked to
the tau coding region and transfected into PC12
cells. Further experiments demonstrated that the
shorterregion of 240 nucleotides fragment-His suf-
ficient for tau mRNA stabilization (Figs. 3 and 4).
This effect is not limited to NGF-induced trans-
fected PC12 cells, since similar tau mRNA stabi-
lization was observed in Bt;,AMP-induced
transfected LAN-1 cells (Figs. 5 and 6). Our results
also demonstrate that tau mRNA is associated with
the MTs and that this association is more pro-
nounced in cells transfected with constructs that
contain fragment B or H (Figs. 5-7). These results
are in line with our previous data, which demon-
strated that tau mRNA is associated with neuronal
MTs (Litman et al., 1993). The association of tau
mRNA with neuronal MTs was of a tighter nature
than that observed for tubulin, neurofilament, and
GAPDH mRNAs, which may be bound through
their Poly(A) tails to the cytoskeleton (Litman et
al., 1993, 1994).

Fragment H is part of the tau 3'UTR associated
with tau mRNA axonal localization, and was pre-
viously shown to be involved in binding of trans-
acting neuronal protein factors (Behar et al., 1995).
Recently, we haveidentified the 43-dDa RN Abind-
ing protein as a member of the Elav-like protein
family, which binds to the AU-rich domain located
in this fragment (Aranda and Ginzburg, 1999) and
is implicated in mRNA stabilization in vivo (Fan
and Steitz, 1998). The levels of these proteins are
increased in PC12 on NGF-induced differentiation,
which correlates well with the increased stabiliza-
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tion of tau mRNA observed on neuronal differen-
tiation (Dobashietal., 1998). The present data define
the cis-acting sequences located in the tau 3’'UTR,
which are involved in stabilization of mRNA, and
this region contains the AU-rich region. Indeed, for
taumRNA, whichis targeted into the proximal seg-
ment of the axon (Litmann et al., 1993), the process
of RNA stabilization is an important control step,
as a prerequisite for its translocation.

Recent studies have demonstrated a wide spec-
trum of functions, including subcellular localiza-
tion and stabilization, mediated by the 3’'UTR of
mRNAs (Jackson, 1993; St. Johnston, 1995; Jacob-
son and Peltz, 1996; Gao, 1998). Several different
mechanisms have been proposed for eukaryotic
mRNA degradation (Beelman and Parker, 1995),
which are initiated by deadenylation followed by
binding of trans-acting proteins to AU-rich elements
(Chen and Shyu, 1995; Alonso etal., 1997) that may
designate the RNA for rapid degradation. How-
ever, our experiments suggest that the region
that contains an AU-rich domain is involved in
tau mRINA stabilization. Thus, the binding of the
proteins to the AU-rich domain may restrict access
of the degradation machinery to the mRNA in a
regulated manner. Recent in vivo studies relate the
U-rich regulatory signals to stabilization of target
mRNAs (Hamalainen et al., 1985; Jain et al., 1997,
Fan and Steitz, 1998; Peng et al., 1998).

In addition to the AU-rich domains, pyrimidine-
rich domains, which were suggested to act as sta-
bility determinants, are found in tau fragment H
(Holcik and Liebhaber, 1997). These pyrimidine-
rich clusters conform to the concensus sequence
(C/UYCCAN,CCC(U/ APy, UCIC/U)CC, which
was observed in the highly stable mRNAs encod-
ing for a-globin, lipoxygenase, a-collagen, and tyro-
sine hydroxylase. However, the nature of the
binding proteins to thisregion in tau isnot yet clear.

Computer simulation of RNA folding of the 240
bp of tau mRNA has revealed a stable secondary
structure around the AU-rich motif (data not
shown). Similar secondary structures correlating
with mRNA stability have been demonstrated for
ribonucleotide reductase R2 mRNA (Amara et al.,
1994), a-globin mRNA (Wisdom and Lee, 1991),
and o,-adrenergic receptor mRNA (Yang et al.,
1997). Several studies have shown that AU-rich ele-
ments, containing distinct sequence motifs, regu-
late mRNA stability (Chen and Shyu, 1995; Chung
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etal., 1997). The heterogeneity in both AU-rich and
pyrimidine-rich motifs reinforces the idea that the
secondary structure of the 3'UTR is important, and
probably the combination of the motifs that bind
trans-acting proteins in a tissue-specific manner is
the functional entity.

The involvement of the cytoskeleton in mRNA
localization and its function in protection against
degradation has been demonstrated (Bogucka-
Glotzer and Ephrussi, 1996; Bassell and Singer,
1997). Electron microscopy studies, as well as the
application of specific drugs that disrupt the cel-
lular cytoskeleton, have identified that in neurons
the majority of Poly(A) mRNAs colocalize with
MTs. This is in contrast to fibroblast cells where the
large proportion of Poly(A) mRNA associates with
actin filaments (Bogucka-Glotzer and Ephrussi,
1996; Bassell and Singer, 1997). We have previously
demonstrated the association of tau mRNA with
the MTs, and in this study, we have demonstrated
the contribution of tau 3’'UTR to this association
(Figs. 5-7). The binding of cis-sequences located in
3'UTR region may play an additional role beyond
binding of the Poly(A) region, which is important
for the stabilization, translocation, and /or anchor-
ing of specific mRNAs. The binding of the complex
may involve additional proteins to form the RNA-
protein particles, which were recently described in
the RNA localization pathway (Bogucka-Glotzer
and Ephrussi, 1996). These particles are localized
in close proximity to MTs and may vary in their
protein composition between subcellular domains,
i.e., axons and dendrites of neuronal cells (Antic
and Keen, 1998).

Inaddition to taumRNA, the posttranscriptional
regulationby mRNAsstabilization hasbeen demon-
strated for several neuronal genes. These include
growth-associated protein (GAP43) (Kohn et al,,
1996; Tsai et al., 1997; Chung et al., 1997), neurofil-
ament (Tkenaka et al., 1990), tyrosine hydroxylase
(Grima et al., 1985; Czyzyk-Krzeska and Beresh,
1996), and amyloid precursor protein (Zaidi and
Maher, 1994). A common sequence motif residing
in the 3'UTR of these mRNA includes a uridine-
rich regulatory element, which may bind tissue-
specific RNA binding proteins that were recently
observed both in the nucleus and in the cytoplasm.
These proteins may be involved in RNA splicing
in the nucleus, whereas their cytoplasmic location
may suggest additional roles, such as control of
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mRNA stability and /or translation (Good, 1997).
Since this effect is frequently induced by various
growth factors, we hypothesize that subtle changes
in protein levels may be controlled posttranscrip-
tionally by mRN A stabilization and thus may play
a role in neuronal differentiation and plasticity.

The finding that tau MAP is the major structural
components of neurofibrillary tangles, a hallmark
lesion in Alzheimer’s brain, has stimulated mole-
cular studies to decipher the regulation of tau
expression and segregation in neuronal cells (Geo-
dert et al., 1991; Kosik, 1994). Tau MAP is a neu-
ronal specific protein Jocated primarily in the axon.
It has been documented that tau protein levels are
higher in Alzheimer’s disease brains than in age-
matched control brains (Khatoon et al., 1992). This
increase, whichmay resultfrom changes in the tran-
scription of the gene and/or the stability of the
message, cause tau protein to lose its axonal local-
ization, i.e., tau protein can also be detected in the
somatodendritic compartment (Bancher et al.,
1989; Goedert et al., 1991). Thus, a misregulation
of the factors that control tau expression may cause
the MT breakdown and cell death observed in
Alzheimer brain.
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