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Abstract

Background: Messenger RNA (mRNA) comprises three major parts: a 5'-UTR (UnTranslated
Region), a coding region, and a 3-UTR. The 3'-UTR contains signal sequences involved in
polyadenylation, degradation and localization/stabilization processes. Some sequences in the 3'-
UTR are involved in the localization of mMRNAs in (e.g.) neurons, epithelial cells, oocytes and early
embryos, but such localization has been most thoroughly studied in neurons. Neuronal polarity is
maintained by the microtubules (MTs) found along both dendrites and axon and is partially
influenced by sub-cellular mRNA localization. A widely studied mRNA is that for Tau protein,
which is located in the axon hillock and growth cone; its localization depends on the well-
characterized cis-acting signal (U-rich region) in the 3'-UTR.

Methods: We compared the cis-acting signal of Tau with mRNAs in the axonal regions of neurons
using the ClustalW program for alignment of sequences and the Mfold program for analysis of
secondary structures.

Results: We found that at least 3 out of 12 mRNA analyzed (GRP75, cofilin and synuclein) have a
sequence similar to the cis-acting signal of Tau in the 3'-UTR. This could indicate that these
messengers are localized specifically in the axon. The Mfold program showed that these mRNAs
have a similar "bubble" structure in the putative sequence signal.

Conclusion: Hence, we suggest that a U-rich sequence in the 3'-UTR region of the mRNA could
act as a signal for its localization in the axon in neuronal cells. Sequences homologous to the DTE
sequence of BCl mRNA could direct the messenger to the dendrites. Messengers with
homologues of both types of sequence, e.g. 3-actin, might be located in both dendrites and axon.

Background 5'-UTR (UnTranslated Region), a coding region and a 3'-
A messenger RNA (mRNA) comprises three major parts,a ~ UTR. The 3'-UTR contains signal sequences involved in
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polyadenylation, degradation and localization/stabiliza-
tion processes. Many studies have shown that certain
sequences in the 3'-UTR are involved in localizing the
mRNAs in different cells such as neurons, epithelial cells,
oocytes and early embryos [1,2]. Such localization has
been studied exhaustively in neurons. Neurons are polar
cells, with dendrites and axon; dendrites receive informa-
tion and the axon is specialized to transmit this informa-
tion to the next neuron [3]. The maintenance of neuronal
polarity depends on the microtubules (MTs) [3-6], which
are found along both axon and dendrites, and is partially
determined by subcellular mRNA localization. The mech-
anism responsible for creating the polarity involves syner-
gistic controls of translation, stabilization and association
with elements of the cytoskeleton.

The mRNA of tau has been studied in detail [7]. Tau is
located in the axon hillock and growth cone; the well-
characterized cis-acting signal (U-rich region) located in
the 3'-UTR of its mRNA is responsible for its localization
[8]. HuD protein interacts with this U-rich sequence to
form a mRNA-protein complex that is transported toward
the axon (axon hillock and growth cone) by interacting
with KIF3A, a kinesin responsible for anterograde move-
ment [9-11].

Recently, many mRNAs have been shown to be located in
neuronal axons: B-actin, tropomyosin 3 (Tpm3), cofilin,
vimentin, immunoglobulin heavy chain biding protein
(Bip), heat shock protein 60 (HSP60), heat shock protein
70 (HSP70), heat shock protein 90 (HSP90), glucose reg-
ulated protein (grp75) and synuclein [12]. The objective
of this paper is to determine, using bioinformatics tools,
whether there is a cis-acting signal in all the mRNAs that
are transported to the axon and whether this putative sig-
nal is similar to the U-rich region in the 3'-UTR of tau
mRNA.

Results

The 3'-UTR of tau mRNA contains 3884 bases; the U-rich
region (in bold) is responsible for the localization of this
mRNA in the axon hillock and growth cone.

UCAGGCCCCUGGGGCCGUCACUGAUCAUGGAGAGAAGAGAG
AGUGAGAGUGUGGAAAAAAAAAAAAAAAGAAUGACCUGGCC
CCUCACCCUCUGCCCUCCCCGCUGCUCCUCAUAGACAGGCU
GACCAGCUUGUCACCUAACCUGCUUUUGUGGCUCGGGUUUG
GCUCGGGACUUCAAAAUCAGUGAUGGGAAAAAGUAAAUUUC
AUCUUUCCAAAUUGAUUUGUGGGCUAGUAAUAAAAUAUUUU
UAAGGAAGGAAAAAAAAAACACGUAAAACCAUGGCCAAACA
AAACCCAACAUUUCCUUGGCAAUUGUUAUUGACCCCGCCCC
CCCCUCUGAGUUUUAGAGGGUGAAGGAGGCUUUGGAUAGAG
GCUGCUUCUGGGGAUUGGCUGAGGGACUAGGGCAACUAAUU
GCCCACAGCCCCAUCUUAGGGGCAUCAGGACAGCGGCAGAC
AUGAAAGACUUGGGACUUGGUGUGUUUGUGGAGCCGUAAGG
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CGUAUGUUAACUUUGUGUGGGUUUGAGGGAGGACUGUGAUA
GUGAAGGCUGAGAGAUGGGUGGGCUGGGAGUCAGAGGAGAG
AGGUGAGGAAGACAGGUUGGGAGAGGGGGCAUUGCGUCCUU
GCCAAGGAGCUUGGGAAGCACAGGUAGCCCUGGCUGCAGCA
GUCUUAGCUAGCACAGAUGCCUGCCUGAGAAAGCACAGUGG
GGUACAGUGGGUGUGUGUGCCCCUUCUGAAGGGCAGCCCAU
GGGAGAAGGGGUAUUGGGCAGAAGGAAGGUA

GGCCCCAGAAGGUGGCACCUUGUAGAUUGGUUCUCUGAAGG
CUGACCUUGCCAUCCCAGGGCACUGCUCCCACCCUCCAGGA
GGAGGUCUGAGCUGAGGAGCUUCCUUUUCGAUCUCACAGGA
AAACCUGUGUUACUGAGUUCUGAAGUUUGGAACUACAGCCA
UGAUUUUGGCCACCAUACAGACCUGGGACUUUAGGGCUAAC
CAGUUCUUUGUAAGGACUUGUGCCUCUUGCGGGAACAUCUG
CCUGUUCUCAAGCCUGGUCCUCUGGCACUUCUGCAGUGGUG
AGGGAUGGGGGUGGUAUUCUGGGAUGUGGGUCCCAGGCCUC
CCAUCCCUCGCACAGCCACUGUAUCCCCUCUACCUGUCCUA
UCAUGCCCACGUCUGCCACGAGAGCCAGUCACUGCCGUCCG
UACAUCACGUCUCACCGUCCUGAGUGCCCAGCCUCCCAAGC
CCAAUCCCUGGACCCCUGGGUAGUUAUGGCCAAUCUGCUCU
ACACUAGGGGUUGGAGUCCAGGGAAGGCAAAGAUUUGGGCC
UUGGUCUCUAGUCCUACGUUGCCAGAAUCCAACCAGUGUGC
CUCCCACAAGGAACCUUACAACCUUGUUUGGUUUGCUCCAU
CAGGCGUUUGGCGCCAUCGUGGAUGGAGUCCGUGUGUGCCU
GGAGAUUACCCUGGACACCUCUGCUUUUUUUUUUUUUACUU
UAGCGGUUGCCUCCUAGGCCUGACUCCUUCCCAUGUUGAAC
UGGAGGCAGCCAAGUUAGGUGUCAAUGUCCUGGCAUCAGUA
UGAACAGUCAGUAGUCCCAGGGCAGGGCCACACUUCUCCCA
UCUUCUGCUUCCACCCCAGCUUGUGAUUGCUAGCCUCCCAG
AGCUCAGCCGCCAUUAAGUCCCCAUGCACGUAAUCAGCCCU
UCCAUACCCCAAUUUGGGGAACAUACCCCUUGAUUGAAAUG
UUUUCCCUCCAGUCCUAUGGAAGCGGUGCUGCCUGCCUGCU
GGAGCAGCCAGCCAUCUCAGAGACGCAGCCCUUUCUCUCCU
GUCCGCACCCUGCUGCGCUGUAGUCGGAUUCGUCUGUUUGU
CUGGGUUCACCAGAGUGACUAUGAUAGUGAAAAGAAAAAGA
AAAAGAAAAAAGAAAAAAGAAAAAAAAAAAAGGACGCAUGU
UAUCUUGAAAUAUUUGUCAAAAGGUUGUAGCCCACCGCAGG
GAUUGGAGGGCCUGAUAUUCCUUGUCUUCUUCGUGACUUAG
GUCCAGGCCGGUCGAGUGCUACCCUGCUGGACAUCCCAUGU
UUUGAAGGGUUUCUUCUUCAUCUGGGACCCCUGCAGACACU
GGAUUGUGACAUUGGAGGUCUAUACAUUGGCCAAGGCUGAA
GCACAGGACCCGUUAGAGGCAGCAGGCUCCGACUGUCAGGG
AGAGCUUGUGGCUGGCCUGUUUCUCUGAGUGAAGAUGGUCC
UCUCUAAUCACAACUUCAAGUCCCACAGCAGCCCUGGCAGA
CAUCUAAGAACUCCUGCAUCACAAGAGAAAAGGACACUAGU
ACCAGCAGGGAGAGCUGUGGCCCUAGAAAUUCCAUGACUCU
CCACUACUAUCCGUGGGUCCUUUCCAAGCCUUGCCUCGUCA
CCAAGGGCUUGGGAUGGACUGCCCCACUGAUGAAAGGGACA
UCUUUGGAGACCCCCUUGGUUUCCAAGGCGUCAGCCCCCUG
ACCUUGCAUGACCUCCUACAGCUGAAGGAUGAGGCCUUUAA
AGAUUAGGAACCUCAGGCCCAGGUCGGCCACUUUGGGCUUG
GGUACAGUUAGGGACGAUGCGGUAGAAGGAGGUGGCCAACC
UUUCCAUAUAAGAGUUCUGUGUGCCCAGAGCUACCCUAUUG
UGAGCUCCCCACUGCUGAUGGACUUUAGCUGUCCUUAGAAG
UGAAGAGUCCAACGGAGGAAAAGGAAGUGUGGUUUGAUGGU
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CUGUGGUCCCUUCAUCAUGGUUACCUGUUGUGGUUUUCUCU
GUAUACCCCCAUUUACCCAUCCUGCAGUUCCUGUCCUUGAA
UAGGGGUGGGGGUACUCUGCCAUAUCUCUUGUAGGCAGUCA
GCCCCCAAGUCAUAGUUUGGAGUGAUCUGGUCAGUGCUAAU
AGGCAGUUUACAAGGAAUUCUGGCUUGUUACUUCAGUGAGG
ACAAUCCCCCAAGGCCCUGGCACCUGUCCUGUCUUUCCAUG
GCUCUCCACUGCAGAGCCAAUGUCUUUGGGUGGGCUAGAUA
GGGUGUACAAUUUGCCUGGAACCUCCAAGCUCUUAAUCCAC
UUUAUCAAUAGUUCCAUUUAAAUUGACUUCAAUAUAAGAGU
GUAUCCAUUUGAGAUUGCUUGUGUUGUGGGGUAAAGGGGGG
AGGAGGAACAUGUUAAGAUAAUUGACAUGGGCAAGGGGAAG
UCUUGAAGUGUAGCAGUUAAACCAUCUUGUAGCCCCAUUCA
UGAUGUUGACCACUUGCUAGAGAGAAGAGGUGCCAUAAGGC
UAGAACCUAGAGGCUUGGCUGUCCACCAACAGGCAGGCUUU
UGCAAGGCAGAGGCAGCCAGCUAGGUCCCUGACUUCCCAGC
CAGGUGCAGCUCUAAGAACUGCUCUUGCCUGCUGCCUUCUU
GUGGUGUCCAGAGCCCACAGCCAAUGCCUCCUCAAAACCCU
GGCUUCCUUCCUUCUAAUCCACUGGCACAUCAGCAUCACCU
CCGGAUUGACUUCAGAUCCACAGCCUACACUACUAGCAGUG
GGUAAGACCACUUCCUUUGUCCUUGUCUGUUCUCCAGAAAA
GUGGGCAUGGAGGCGGUGUUAAUAACUAUAGGUCUGUGGCU
UUAUGAGCCUUCAAACUUCUCUCUAGCUUCUGAAAGGGUUA
CUUUUGGGCAGUAUUGCAGUCUCACCCUCCGAUGGCUGUAG
CCUGUGCAGUUGCUGUACUGGGCAUGAUCUCCAGUGCUUGC
AAGUCCCAUGAUUUCUUUGGUGUUUUGAGGGUGGGGGGAGG
GACAUGAAUCAUCUUAGCUUAGCUUCCUGUCUGUGAAUGUC
CAUAUAGUGUACUGUGUUUUAACAAACGAUUUACACUGACU
GUUGCUGUACAAGUGAAUUUGGAAAUAAAGUUAUUACUCUG
AUUAAACAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

This cis-acting signal of tau was compared base by base
with the other afore mentioned mRNAs using simple
alignment. We also made comparisons with another
sequence that is specific for the localization of BC1 mRNA
in dendrites, the Dendritic Target Element (DTE) [13].

In the B-actin mRNA of chicken a cis-acting signal "zip-
code" has been described; a zipcode binding protein
binds to this sequence and this is a prerequisite for the
localization of the mRNA. The sequence is a tandem
repeat of an ACACCCACACCC motif. The mRNA of B-
actin has been located in the axon of the neuron and in
dendritic spines [12,14]. B-actin mRNA has a sequence
closely similar to the tau signal in the first part of its 3'-
UTR, but there is also another sequence that could partic-
ipate in its localization in dendrites; this sequence is very
similar to the DTE [13]. The protein tropomyosin 3 has
been located in the growth cone of the neuron; its mRNA
has also been detected in axons during development [15].
Both tropomyosin 3 and B-actin form parts of the
cytoskeleton. No well-defined sequence signal that could
be involved in the specific localization of these messen-
gers in the axon (tpm3 and B-actin) has been identified, so
it is likely that B-actin and tropomyosin are not exclusive
to the axon and could be also found in dendrites.

http://www.tbiomed.com/content/2/1/33

LT S — UUUUUUUUUUUUT 13
Actb GCGGACUGUUACUGAGCUGCGUUUUACACCCUUUCUUUGACAARACCUAACUUGCGCAAA 60
b *x GAGGUUGGGGAU DTE
R R
tau
Actb AAAAAAAAAAAAAAAAAAAAAAAAAAA 87
tau
Tpm3 AAGA AGAACUUGAAAACCGU 240
GAGGUUGGGGAU DTE
Kkk kK Kk K
tau JUUUUUUU 9
Tpm3 UAGCUGCAGCCCUCUCACC UGAC UCACCUGCAUGGUUAUUU 300
* Rk Rk
tau Ummmmmm e e 13
Tpm3 UCUAACAAUAAAAACA 316

*

Cofilin is a cytoskeleton modulating protein; it is also
known as actin depolymerizing factor (ADF). The poten-
tial role of cofilin is to modulate the changes of actin
organization that accompany neurite initiation, axono-
genesis and growth cone guidance [16]. The possible sig-
nal sequence found in the 3'-UTR of cofilin mRNA is very
similar to that of tau; they share a U-rich region, which
indicates that this messenger might be transported to the
growth cone of the developing neuron. However, a possi-
ble DTE sequence is also present, located upstream of the
U-signal.

tau
cofilin

GCCACCUCCAGCCCCCUGCCUGGAGCAUCUAGCAGCCCCAGACCUGCUC 60

tau
cofilin

AGGCUGCCCUUUUCCUGCCAGACC! 'CAGC: 120

GAGGUUGGGGAU DTE
[P

tau
cofilin

UCCCUUCACCCCAGUUGCCAAACAUCCCUCCCACCCCCUGGACCGUCCUUUUCCCUCCAU 180

tau
cofilin

CCCUGACGGUUCUGGCCUUCCCAAACUGC 'UUCUGAUUCCUC AG 240

tau JUUUUUUUUUUUU-- 13
cofilin CAGACCAAGUCCCGUCCUAGGCACCCA CUGUAUUUUUUUUUUUUAAC 300
kK

tau 18
cofilin GACACCCCUACUCCUCAUCUGUCCCAUCCCAUGCUGCCAACUUCUAACCACAAUAGUGAC 360

Vimentin has been located by RT-PCR in the axons of dor-
sal root ganglia (DRG) neurons. A possible sequence sig-
nal in vimentin mRNA shares some U with tau but also
contains more purines, which might indicate that the pro-
tein is not exclusive to the axonal region [12].

Tau
vim UUAGAAAAAAGA 'UUUCAAGUGCCUUUACUGC!

AGGAGCGCA UG 120

GAGGUUGG

T

Tau
Vim GGAUAGAAACGAGCUCAGCACAUAACAACUGACACCCCCAAAAGGCGUAGAAAAGGUUUA 180
GGAU DTE

P
Tau JUUUUUUUUUUT 13
nnnnnn UUGUGCUAGAAUACUUUUUAAAGL 240

PO

vim CAAAAUAAUC

Bip is a protein that binds to the immunoglobin heavy
chains in pre-f cells. [ts mRNA shares some U with the tau
sequence; nevertheless, its sequence suggests that this
mRNa, like vimentin, is probably not exclusive to the
axon [17].
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Tau
Bip AR AAAGCUGGGUCAGGGUG 240
GAGGUUGGGGAU DTE

kR kkER

Tau

Bip ACC AUGCACAUC AC 300
Tau JUUUUUUUUUUY - = = = = === == m e e 13
Bip 'UACCAUAAGUGACACCAAUAAAUGUUUGUUAUUUACACUGGUC 360

* okkk kK kkk

The heat shock proteins and grp75 messengers have simi-
larities with the tau sequence, but once again they are
probably not exclusive to the axon. They could interact
with other proteins in different parts of the cell.

Tau 0 mmeemmmmmmmmeeo UUUUUUUUUUUUU 13

HSP60 GUCCAUGCCUACAGAUAAUUUAUUUUGU AAGACAUUUGUACAUUCCUGA 240
* o KRE KRAR K

Tau

HSP60 UCUGUUAGCAUCAGGACUGUAGCGCUGUGUCACCACAUGAGAAGUUCAGAAGCAGCCUUU 360

Tau

HSP60 C AAUU CAACCU 420

GAGGUUGGGGAU DTE

Hkkk kk K kR

Tau JUUUUUUUUUUUU- -~ -~ 13
HSP70 GGUAAUUGAU AUUUUGUAUGCUC TUUT UCAAAUU 180
Kk K K Rk

Tau
HSP70 A AUGUUCUUUGC
GAGGUUGGGGAU DTE

- *

AUCUAAGUAGCUGUGUAAAA

CUUCCU 240

Tau
HSP90 UCCUUGUGCC! AGAUCCCCUCCCAC: 180

ggggggg
Tau
HSP90

18

AAAUAAAGAUGA 240

AAUUAAA

P

Tau

Grp75 UA AGUGCAL 'UAGGACGACAUACUAUGAA AAGGA 60
GAGGUUGGGGAU DTE
Kk kEEEE k

Tau

Grp75 ACUUCCUGAGCAGAAAA AAACUUCAGUC UA 120
Tau

Grp75 UAUAUAAUUUCCUUAAUAUAUAAAUCCAGUGACAAUAUAUAAAUCCAGUGACAAUAGCUA 180
Tau

Grp75 UAACUCAUUUAAUGGUAAUAAAGUCAGCAAUAGCAGGUUCACACUUCUAUAACUAGCCUG 240
Tau

Grp75 « AGCUGCACGUAA CAAUC A 300
Tau

Grp75 AUC AGUAGC! GAUGGAAGCCCAUUUCACAUGCAGUAG 360
Tau

Grp75 AGGUA 'UGUCAUGGACCUUGA 'AUAUGCAGAUGC CAAGAGC 420
Tau

Grp75 ACUGCUAUAAAUGACCUGUGUGUACAUUUGCUCCUUCAACUGAUGCCUUGCAAGACUAAG 480
Tau

Grp75 CUCUCUGUGUCAUGGUC AGA A ACAGC 540
Tau

Grp75 CAUAGCUUAAAGUGAUCUAUCAAGAAUUAUACAAGCCUCUCAUGGGCCUAAGGCAUACUU 600
Tau

Grp75 CUCCAGCUACCCUC CAAUGUCUGACAUCUAUAL CUU 660
Tau G16161616101010100 0 . 18
Grp75 UUUCAUCCAUUCUGGAUUUUUUUUUUUUUUAAUAAAAUUCUGAAAGCCUCUUGAUCUCCU 720

KER R IR AR

http://www.tbiomed.com/content/2/1/33

Synuclein is a soluble unfolded protein that can aggregate
into insoluble fibrils under several pathological condi-
tions including Parkinson's and Alzheimer's diseases [12].
The possible cis-acting signal of the mRNA for this protein
is very similar to the tau signal, with only a single U to C
substitution, suggesting that the synuclein messenger may
be transported to the axon by a similar mechanism to the
tau messenger and that aggregation and precipitation of
the synuclein protein within the axon contributes to neu-
rodegenerative disease.

Tau U1l

Synuclein CCUGCUGGCUC 'CCCAUGGUCCUUCGGAUCACCUUCCAGACGCUGC! AUU 240
*

Tau UUUUUUUUUUUT 18

Synuclein CUUUUUUUAAUGAUUCCAAAUAAAACCUGAGUCCUAAUCCAAAAAAARAAAAAAAA 300

Tkkk kKRR AR

Tau =~ mmmmmmeee
Synuclein

These analyses carried out by alignment allowed us to
show that the cis-acting signals of the mRNAs examined
have some homology with that of the tau messenger.

Tau UUuUuuUuuuluululU - -~ —~~ 13
Grp75 UUUUUUUUUUUUUAAUAA- 18
Synuclein UUUUUCUUUUUUUAAUGA- 18
Cofilin -UUUUUUUUUUUUAACGAC 18
HSP90 -UUUUGUUUGUUUUAUUUU 18
Tpm3 -UGGUUAUUUUCUAACAAU 18
Bip AUGUUUGUUAUUUA-CACU 18
HSP70 -UUUUUAUAUAUUCAAAUU 18
Vim -UACUUUUUAAAGUAUUUU 18
HSP60 -UAAUUUAUUUUGUAUUUU 18
B-Act -GUUUUACACCCUUUCUUU 18

*

The highest homology scores are:

Tau --UuuuuuUuUuuUuUulU-————- 13
Grp75 --UUUUUUUUUUUUUAAUAA- 18
Synuclein --UUUUUCUUUUUUUAAUGA- 18
Cofilin ---UUUUUUUUUUUUAACGAC 18

*hkk *hkkhkhkkk

The secondary structures of these four mRNAs, which
showed the closest homologies to the tau sequence, were
analyzed using the program Mfold (Figs. 1, 2, 3, 4). Fig. 5
shows a model of U-rich mRNAs that could be trans-
ported to the axon. The results show that the secondary
structures of synuclein and cofilin mRNAs are very similar
to that of the tau messenger, and the cis-acting signal
sequence is inside the "bubble" according to the Mfold
program. This indicates to us that both the signal
sequence and the secondary structure could be determin-
ing factors in the location of these messengers in the axon
region.

Discussion
The first messenger to be analyzed in the 3'-UTR with
respect to its localization/stabilization was tau [9,10]. The
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Signal Sequence

Figure |

http://www.tbiomed.com/content/2/1/33

RNA secondary structure of 3'-UTR of tau mRNA. The arrow indicates the "bubble" where the HuD binds to stabilize the

messenger.

U-rich region in its signal sequence enables the formation
of a complex with HuD, a prerequisite for transport to the
axon, and increases the stability of the mRNA. The basic
function of tau protein is to stabilize the microtubules; it
prevents depolymerization and consequent loss of neuro-
nal polarity. Recently, several other messengers have been
shown by RT-PCR to be localized in neuronal axon of the
neuron, but the possibility that these mRNAs are also
located in the dendrites has not been excluded.

GRP75

Glucose regulated protein 75 (GRP75) is an important
molecular chaperon belonging to the heat shock protein
(HSP) family. It is highly expressed in conditions of glu-
cose deprivation of glucose. Its messenger was located in
the axon and it has a U-rich region. It might not be con-
fined exclusively to the axon because this protein
responds to a metabolic stress [18].

Synuclein

Alfa-synuclein is involved in neurodegenerative diseases
and its presence has been observed in the pre-synaptic and
nuclear compartments, though the location in the nucleus
has not been well documented. The synuclein messenger
possesses a U-rich region; nevertheless a C interrupts the
potential signal sequence. When it is wrongly folded, this

protein may aggregate in the cell forming fibrils, typical of
Alzheimer's and Parkinson's diseases. The aggregation of
synuclein is similar to tau in Alzheimer patients, which
could indicate similar intracellular behavior by both pro-
teins [19].

Cofilin

The 3'-UTR of the cofilin messenger has a U-rich region
very similar to the signal sequence of tau, which on the
face of it suggests that it might be located exclusively in the
axon. Nevertheless, recent studies demonstrate that it par-
ticipates in the shrinkage of dendritic spines associated
with the long-term depression of hippocampal synapses,
suggesting that it is also found in dendrites. Moreover, it
is involved in neuronal development, axogenesis, guid-
ance of the growth cone and dendrite formation.
Although the cofilin messenger is present in axons, the
possible participation of the protein in events related to
the unplugging of synapses because of its association with
actin further suggests that it is not confined to the axon
but also occurs in the dendrites [16].

[-actin

The 3'-UTR of the B-actin messenger is very short and
shows low homology when aligned with the tau cis-acting
signal. However, when it was aligned with the dendritic
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RNA secondary structure of 3'-UTR of GRP75 mRNA. The arrow indicates the U-rich signal sequence that could be involved

in the localization of the messenger.

target element, it showed better homology. The B-actin
messenger was shown to possess a zipcode that leads it
towards the dendrites instead of the axon [14].

HSP70 and HSP90

Molecular chaperones and their functions in protein fold-
ing have been implicated in several neurodegenerative
conditions, including Parkinson's and Huntington's dis-
eases, which are characterized by accumulation of protein
aggregates (e.g. a-synuclein and huntingtin, respectively).
These aggregates have been shown in various experimen-
tal systems to respond to changes in levels of molecular
chaperones, suggesting the possibility of therapeutic inter-
vention and a role for chaperones in disease pathogenesis.
It remains unclear whether chaperones also play a role in
Alzheimer's disease, a neurodegenerative disorder charac-
terized by PB-amyloid and tau protein aggregates. In
various cellular models, increased levels of Hsp70 and

Hsp90 promote tau solubility and tau binding to micro-
tubules, reduce insoluble tau and cause reduced tau phos-
phorylation. Conversely, lowered levels of Hsp70 and
Hsp90 result in the opposite effects. A direct association
between the chaperones and tau protein has been demon-
strated. Many results suggest that the up-regulation of
molecular chaperones may suppress the formation of
neurofibrillary tangles by partitioning tau into a produc-
tive folding pathway and thereby preventing tau aggrega-
tion [20]. When we compared the 3'-UTRs of the
messengers for these chaperones, they showed some hom-
ology with the cis-acting signal of tau because each pos-
sesses a U-rich region, which could indicate that they are
found in axons.

The model
On the basis of the results we suggested a model for
mRNA localization in the axon (Fig. 5).
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Figure 3
RNA secondary structure of 3'-UTR of synuclein mMRNA. The arrow indicates the U-rich signal sequence that could be
involved in the localization of the messenger.
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Figure 4
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Signal Sequence
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RNA secondary structure of 3'-UTR of cofilin mRNA. The arrow indicates the U-rich signal sequence that could be involved in

the localization of the messenger.

The mRNAs containing the U-rich region could be com-
plexed with a protein responsible for transport toward the
axon, just as HuD complexes with and stabilizes the tau
messenger [9]. HuD itself has the capacity to bind to dif-
ferent mRNAs such as GAP-43 [21], neuroserpin [22], ace-
tylcholinesterase [23] and c-myc [24], so it might interact
with other messengers with a U-rich signal, stabilizing the
messenger and facilitating transport to the axon. The
motor protein that translocates the complex along the
axonal microtubules could belong to the kinesin family,
by analogy with the translocation of the tau messenger by
the kinesin KIF3A [11]. When the complex reaches the
correct destination, the mRNA is translated. mRNAs that
lack the U-rich sequence presumably go to another

cellular compartment in the neuron; those with DTE-like
signals might preferentially accumulate in the dendrites.

The mechanisms determining whether a messenger such
as B-actin is transported preferentially to the axon or the
dendrites are poorly understood. The existence of two
potentially conflicting location signals in the 3'-UTR (one
U-rich and tau-like, the other DTE-like) raises questions
about how the final destination of such mRNAs is deter-
mined within the neuron.

Conclusion
In the 3'-UTRs of some mRNAs in neurons there are cis-
acting signals that direct mRNAs such as tau and GAP-43
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A Protein could be Involved in the mRNA transport

A model of the 3'-UTR/U-rich region by virtue of which the mRNA could be transported toward the axon. The mRNAs that
contain a U-rich sequence in the 3'-UTR are candidates for transport toward the axon. The model suggests that an mRNA
binding protein intreacts with the signal-sequence forming a putative complex that is anchored to a kinesin protein. The
mRNAs that do not contain such a U-sequence might remain in the cell body or to migrate towards the dendrites.

to the axon. In general, these signals are rich in uridine
and do not contain guanidine. Comparison of the Den-
dritic Target Element (DTE) with the 3'-UTRs of several
axon-located messengers showed some homology in a
specific region of the 3'-UTR. Most of the 3'-UTRs studied
possess homologies with the signals involved in the local-
ization of mRNAs in axons and dendrites. This might
explain why as much B-actin is present in dendrites as in
axons, though the distribution mechanisms in such cases
are not understood. In addition, we found a DTE hom-
ology in the 3'-UTR of HSP70 and 90. The significance of
this is not clear; some messengers are transported towards
the axon or towards the dendrites as required.

A sequence homologous to DTE in tau occurs near the end
of the 3'-UTR, next to the polyadenylation site, which
indicates that only the axon signal sequence (not the den-
drite signal sequence) is functional, because mRNA degra-
dation starts at the poly(A) site. The 3'-UTR of MAP2 [25]
possesses no homology with the axon signal sequence,
suggesting that as many tau as MAP2 mRNAs are trans-
ported exclusively to their respective regions inside the
neuron.

Very U-rich sequences in the 3'-UTR might be signals that
direct some mRNAs exclusively to the axon. If we under-
stand which signals/sequences the neuronal cell uses for
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the correct location of its mRNAs, it might become possi-
ble to determine which factors lead to mislocalization of
messengers and of proteins, as has recently been suggested
in relation to certain neurodegenerative diseases such as
Alzheimer's.

Methods

All the mRNAs analyzed in this study belong to the Rattus
norvegicus genome and were located using the following
GeneBank accession numbers. B-actin; NM_031144, tro-
pomyosin 3 (Tpm3); NM_057208, cofilin; NM_017147,
vimentin; NM_031140, immunoglobulin heavy chain
biding protein (Bip); M14050, heat shock protein 60
(HSP60); X53585, heat shock protein 70 (HSP70);
L16764, heat shock protein 90 (HSP90); S45392, glucose
regulated  protein  (grp75); s78556, synuclein;
NM_031688; NM_057114 and NM_053576 and tau;
X79321. The 3'-UTRs of the mRNAs were analyzed using
the program ClustalW [26], and the secondary structures
were generated by the Mfold program [27].
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