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ABSTRACT

To create and maintain its structure and organization, a cell has to target newly-synthetized
proteins to their correct destination. One way is to target the messenger RNA instead of the
protein. Although the mechanisms of mRNA targeting are unclear, mRNA localization and
consequently local translation have been shown to be essential in many cellular functions,
such as cell polarity, cell migration, cell differentiation and synaptic plasticity. For example,
localization of β-actin mRNA at the leading edges of fibroblasts augments cell translocation.
Therefore, it seems reasonable to assume that the mechanisms regulating cell motility also
affect the localization of mRNAs. To address this question, extracellular matrix-associated
factors that enhance migratory responses, were locally applied to cells via microbeads. In the
present study, we show for the first time that extracellular stimuli through transmembrane sig-
nalling are able to regulate the localization of mRNA within a cell.

Heparin-binding growth associated molecule (HB-GAM) is an extracellular matrix-associated
protein implicated in the formation of neuron-target contacts during development and in synaptic
plasticity in adult brain. Interestingly, HB-GAM has been isolated from the murine osteosarcoma
cell line MC3T3. However, its function in bone tissue has not been previously addressed. To
this end, expression of HB-GAM during bone formation was examined. HB-GAM is expressed
in the cell matrices that act as target substrates for bone formation. Intriguingly, N-syndecan,
the receptor of HB-GAM, is expressed by osteoblasts/osteoblast precursors, suggesting that
HB-GAM/N-syndecan interactions mediate osteoblast recruitment. Osteoblast cell lines, which
express abundantly N-syndecan, migrate rapidly to HB-GAM in a haptotactic transfilter assay.
Furthermore, transgenic mice overexpressing HB-GAM are characterized by an increased bone
thickness. Taken together, these results suggest that HB-GAM plays a role in bone formation,
regeneration and maintenance.

Amphoterin, a major form of HMG (high mobility group)1 proteins, is strongly expressed in
immature and malignant cells. Although it lacks a classic secretion signal, extracellular roles in
neurite outgrowth, cell differentiation and endotoxemia have been attributed to amphoterin.
This work examines the sorting mechanism and the function of this protein in motile cells.
Asymmetric distribution of amphoterin already occurs at the mRNA level, suggesting a local
mode of translation for amphoterin. The targeting mechanism of amphoterin resembles that of
β-actin mRNA since localization of both mRNAs depends on intact microfilaments and can be
triggered by cell contact with extracellular matrix proteins, like HB-GAM or laminin. The distinct
localization of the amphoterin mRNA and protein to the cell processes suggests a role in cell
motility. This premise is further supported by the finding that specific decrease of amphoterin
mRNA and protein, using antisense oligonucleotides transfected into cells, significantly re-
duces cell migration to laminin in a transfilter assay. Moreover, affinity-purified anti-amphoterin
antibodies also inhibit cell migration to laminin, supporting an extracellular role for the
endogenous amphoterin in cell motility. Finally, the fact that amphoterin promotes neurite ex-
tension through its receptor RAGE (receptor of advanced glycation end products)/GTPase
pathway, provides  a mechanistic explanation for the role of amphoterin in cell motility.

In conclusion, we propose that HB-GAM and amphoterin play a crucial role in cell motility.
However, their contributions to cell migration are distinct: HB-GAM acts as a target-derived
cue whereas amphoterin is an autocrine regulator, produced by the migrating cells themselves.
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1. INTRODUCTION

One of the most important events in cell dif-
ferentiation and development is the determi-
nation of asymmetry. For more than a century,
the idea, amongst embryologists, has emerged
that regional inhomogeneities in the distribu-
tion of particular substances in the cytoplasm
of the egg or an early embryo could lead to
differential inheritance of cell fate determinants
(Von Baer, 1837 and Conklin, 1905). Apart from
this concept, histologists have noticed the
polarized nature of differentiated cells and
understood that it is likely to be a key to their
physiological function (Van Beneden, 1883;
Rabl, 1885).
   In almost all cells, asymmetry is required for
subsequent functions, as in the polarity of
neurons that transmit directional signals or in
the polarity of specific morphogens in oocytes
that drive different cell fates in the embryo.
Morphological asymmetry requires the sort-
ing of proteins unequally in the cell. During
the last decade, the problem of how proteins
are sorted to particular membrane-bound
organelles has been the focus of considerable
efforts and now the secretory pathway of such
proteins via the ER/golgi route is well under-
stood (Harter and Wieland, 1996).
   In contrast to the well described sorting of
membrane proteins, very little is known about
how cytosolic proteins are segregated within
the cytoplasm. However, it has become in-
creasingly clear that the transport of mRNAs
constitutes an important step in the localiza-
tion of proteins. The first evidence for the
subcellular localization of mRNA came from
the discovery that myelin basic protein (MBP)
mRNA is localized to the cell processes of
oligodendrocytes (Colman et al., 1982).
Shortly thereafter, several maternal mRNAs in
Drosophila and Xenopus were shown to be
localized during oogenesis. More recently, lo-
calized mRNAs have been notified in somatic
cells. Thus, it is now reasonable to propose
that the subcellular localization of specific
mRNAs serves as a general mechanism for
targeting proteins in polarized cell types.

Subcellular localization of mRNAs might have
several advantages as compared to localiza-
tion at the protein level. Since mRNAs act as
templates for protein translation, their locali-
zation allows specific proteins to be
synthetized in subcellular compartments where
they are required and prevents their expres-
sion in regions where they are not required.
For example, membrane-binding sticky
proteins may be easier to localize, based on
mRNA transport as compared to protein
transport. mRNA localization may also be an
advantage from the viewpoint of cell economy
since one molecule of mRNA can be translated
many times and thus generates a pool of a
specific protein in a particular region of the
cell.
   Although the mechanisms of mRNA target-
ing are not fully understood, mRNA localiza-
tion, and consequently local protein
translation, have been shown to be essential in
many cellular functions, such as cell polarity,
cell migration, cell differentiation and synaptic
plasticity. These functional aspects implicate
that mRNA transport is spatially and tempo-
rally regulated within the cell. In fibroblasts,
the localization of β-actin mRNA at the lead-
ing edge is required to promote cell motility
(Kislauskis et al, 1997). Therefore, it seems
reasonable to assume that mechanisms regu-
lating motility also affect the localization of
certain mRNAs.

The migration of cells over substrata is an im-
portant phenomenon that requires the co-or-
dination of several cellular processes. It can
be divided in five steps: (1) extension of the
leading edge; (2) adhesion to matrix contacts;
(3) contraction of the cytoplasm; (4) release
from contact sites; and (5) recycling of mem-
brane receptors from the rear to the front of
the cell (Sheetz et al., 1997). Many components
participating in cell migration have been
identified. However, the manner in which these
components work together to give rise to mi-
gration is still unclear. The present study was
undertaken to elucidate, how the heparin-bind-
ing proteins amphoterin and HB-GAM relate
to the motility mechanisms. Special emphasis
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was in mRNA localization since previous
studies, on β-actin, have suggested the im-
portance of mRNA localization in the functions
of cell motility-associated genes.

2. REVIEW OF THE LITERA-
TURE

2.1. MECHANISMS OF mRNA LOCALIZA-
TION

Over the past decade, an increasing number of
mRNAs have been found to localize in many
cell types in numerous animal species,
highlighting the general importance of this tar-
geting mechanism. During the emergence of
this research field, it has become clear that the
mechanisms underlying the mRNA localization
are very similar in different cell types and

should be considered as a general model.
However,  many features of the mRNA
targeting are not well understood.

2.1.1. Localized mRNAs

Many model systems have been applied to
study the localization of mRNAs, and each of
them offers unique advantages. In Drosophila
and Saccharomyces cervicae, genetics and
molecular biology are conducted with ease.
Xenopus possesses a very large oocyte facili-
tating molecular, biochemical and spatial stud-
ies. Neurons are highly polarized cells with very
long processes, which facilitates identification
of the subcellular differences. Cultured cells
offer the advantage of being easily transfected,
as well as allowing studies of environmental
effects on the mechanisms of mRNA
localization. Although a number steps of the

Table 1. Localized mRNAs in somatic cells

In non-neuronal somatic cells

mRNA Localization profile Class of protein or Protein function

α-actin Perinuclear (myoblasts) Actin isoform (Kislauskis et al., 1993)
β-actin Peripheral (motile cells) Actin isoform (Kislauskis et al., 1993)
γ-actin Perinuclear (myoblasts) Actin isoform (Hill and Gunning, 1993)
Cardiac Perinuclear Myofibril components (Russell et al., 1992)
α-myosin (active myocytes)
heavy chain
GFAP Peripheral and Intermediate filament component

perinuclear (glial) (Landry et al., 1994)
Vimentin Costameres (muscle cells) Intermediate filament component

(Fulton and Alftine, 1997)
MBP Cell processes Myelin constituent (Colman et al., 1982)

(oligodendrocytes)
MOP (Myelin- Cell processes Myelin constituent (Holz et al., 1996)
associated/ (oligodendrocytes)
oligodendrocytic
basic protein)
Carbonic Cell processes Myelin constituent (Ghandour and Skoff, 1991)
anhydrase II (oligodendrocytes)
mRNAs
Titin Myofibril Myofibril component (Fulton and Alftine, 1997)

(skeletal muscles)
Acetycholine Neuromuscular Acetycholine receptor (Merlie and Sanes, 1985;
receptor  subunits junction (muscle) Fontaine et al., 1988)
Ash1 Presumptive daughter cells Cell-fate determinant (Takizawa et al., 1997)

(Saccharomyces cervicea)
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Table 1. (continued)

In neurons

mRNA Localization profile Class of protein or Protein function

MAP2 Dendrites (cortex, dentate gyrus) Microtubule-associated protein (Garner et al., 1988)
CAM II kinase Dendrites (cortex, dentate gyrus) Kinase, Ca2+ signalling (Burgin et al., 1990)
Arc Dendrites (dentate gyrus first Cytoskeleton-associated protein

when stimulated, then cortex) (Lyford et al., 1995)
Protein kinase C(γ) Dendrites(purkinje neurons) Kinase (Moriya and Tanaka, 1994)
GAP43 Dendrites (cortex, hippocampus) PKC substrate (Chicurel et al., 1993)
RC3/neurogranin Dendrites (cortex, hippocampus) PKC substrate (Chicurel et al., 1993)
NMDA receptor I Dendrites Glutamate receptors

(Benson, 1997; Gazzaley et al., 1997)
InsP3 receptor Dendrites (purkinje) Ca2+ signalling (Furuichi et al., 1993)
Glycine receptor Dendrites (spinal cord) Glycine receptor (Racca et al., 1998)
α-subunit
BC1 Dendrites (hippocampus RNA polymerase III (Muslimov et al., 1998)

during development and in adult
after stimulation)

CREB Dendrites cAMP response element binding protein
(cultured hippocampal neurons) (Crino et al., 1998)

BDNF Dendrites Neurotrophic factor (Tongiorgi et al., 1997)
(cultured hippocampal neurons)

TrkB Dendrites BDNF receptor (Tongiorgi et al., 1997)
(cultured hippocampal neurons)

β-actin Growth cone (cultured cortical Actin isoform (Bassell et al., 1998)
neurons); dendrites (cerebellum) (Hannan et al., 1998)

Tropomyosin 5, 6 Axons Tropomyosin isoform (Hannan et al., 1998)
Oxytocin Axons Neurotransmitter/Neuromodulator

(Hypothalamo-hypophyseal) (Jirikowski et al., 1990)
Vasopressin Axons Neurotransmitter/Neuromodulator

(Hypothalamo-hypophyseal) (Lehmann et al., 1990)
Prodynorphin Axons Neurotransmitter/Neuromodulator (

(Hypothalamo-hypophyseal) (Mohr et al., 1991)
OMP and Axons (olfactory neurons) Odorant receptor (Wensley et al., 1995)
Odorant receptor
TAU Axons (cortex) Microtubule-associated proteins

(Litman et al., 1993)

m RNA localization mechanisms have been first
discovered in Drosophila or Xenopus, this re-
view mainly focuses on mRNA localization in
somatic cells. A list of localized mRNAs in so-
matic cells is given in Table 1.

Many models have been proposed to explain
how the mRNAs are localized. Thus far, clear
evidence exists only for mechanisms in which
the mRNA itself  is recognized by the machin-
ery. In addition to the targeting via the cytosk-
eleton (Fig. 1), as suggested for the majority of
localized mRNAs, three other distinct mecha-

nisms have been identified (for review, see St
Johnston, 1995). For example, RNA elements
may act in local protection from RNA degrada-
tion as in the case for Hsp83 mRNA during
Drosophila embryogenesis (Ding et al., 1993).
Another mechanism is the anchoring to already
localized components due to cytoplasmic
stream. Finally, a vectorial nuclear export
mechanism has been proposed but the bio-
logical relevance of this mechanism is still un-
clear. For all of these mechanisms a localiza-
tion signal in the RNA sequence is needed.



13

2.1.2. Localization tags

Localized RNAs contain cis-acting signals that
target them to a specific domain within cells.
Although a large number of localized mRNAs
have been discovered, only in very few cases
the sequence of the localization signal has been
mapped. In most cases, with the exception of
nontranslated BC1 mRNA (Table 1) where the
tag is in the 5´portion of the messenger, the
sequence resides in the 3´UTR part of the
messenger, in regions predicted to be rich in
secondary structure elements. The recognition
tag is composed of multiple elements through-
out a large region of the 3´UTR. For example,
in oligodendrocytes, the cis-acting trafficking
elements in the MBP mRNA have been iden-
tified by deletion analysis (Ainger et al., 1993).
The signal is composed of two distinct func-
tional elements. One element, called ‘RNA
localization signal‘(RLS), is required for lo-

calization of the mRNA to the myelin compart-
ment. The postulated function of this element
is to anchor the MBP mRNA to the myelin
domain. A second element, termed ´RNA
transport signal‘ (RTS), is required for the
transport along the processes. The RTS is also
present in MAP2A and MOBP (Gould et al.,
1999) and therefore seems to represent a
general localization signal used by different
mRNAs in different cell types. In chicken
embryo fibroblasts, the cis-acting signal of the
β-actin mRNA has been mapped to two seg-
ments of the 3´-untranslated part of the mes-
senger. Indeed, a strong localization activity
resides in a principal zipcode within the first
54 nt of the 3´UTR part and a weaker one 43
nt further downstream (Kislauskis et al., 1994).
Interestingly, the zipcode sequences are highly
conserved in evolution, since the human β-
actin mRNA shows 65 % homology in its first
54 nt with that of the chicken (Kislauskis et al.,

Figure 1: mRNA trafficking in somatic cells. The cis-acting signals of the mRNA are recognized by RNA-binding
proteins in the nucleus (1), and the complex is exported from the nucleus. In the cytoplasm, this complex assembles
into RNA granules, which may contain other RNA binding poteins and/or components of the translation machinery
(2). These granules are then transported along cytoskeletal filaments (microtubules or actin) (3a) and the transport
may involve motor molecules (3b). Once at the final destination, the RNA may be translocated to actin filaments
prior translation (4). The various molecular components are not drawn to scale, and juxtaposition of particular com-
ponents does not necessarily imply a direct interaction.
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1994). Furthermore, the localization machinery
of chicken fibroblasts can localize human β-
actin mRNA, strengthening the idea of a highly
conserved mechanism (Kislauskis et al., 1994).
  It would be reasonable to think that RNAs
sharing the same destination would have a con-
sensus sequence for localization. Thus far, no
obvious homologies are apparent among dif-
ferent RNAs. One possibility is that the pri-
mary sequence itself is not the key for the lo-
calization but the conformation that the tag
takes in a certain environment. No such com-
parison has been possible so far and therefore
the code of mRNA localization remains locked.

2.1.3. RNA recognition

As mentioned above, in the majority of
examples, the 3´UTR part of the mRNA allows
targeting of the messenger to its final
destination. In several cases, the multiple steps
in the localization are coordinated by several
sequence elements. However, the recognition
step is the most critical and the poorest
understood.
   It has become apparent that the cis-acting
sequence alone is not sufficient for RNA rec-
ognition. Indeed, it seems that the RNA sec-
ondary structures, such as stems, loops, bulges,
tetraloops, double-stranded regions and
pseudoknots, may be the critical part of the
recognition. For example, in oligodendrocytes,
various mutations affecting the predicted sec-
ondary structure of the MBP mRNA tag block
the localization of the mRNA (Ainger et al.,
1997). It thus appears that understanding of
the RNA localization requires a more detailed
structural mapping of the localization tags.
   In many cases, localized RNAs are trans-
ported as large RNA/protein complexes (for
review, see Hazelrigg, 1998). The best
characterized RNA-binding protein, associated
with the cytoskeleton, is the maternal protein
Staufen. Staufen has been implicated in the
maternal mRNA localization, including both
anterior localization such as bicoid and poste-
rior localization such as oskar mRNA in Dro-
sophila (St Johnston et al., 1991). The protein
has some characteristics of an RNA helicase,

although it is not clear what role Staufen plays
in interaction with the cytoskeleton and with
the mRNA. However, it remains the only pro-
tein to be found interacting between the cy-
toskeleton and the mRNA. Interestingly, the
mammalian homologue of Staufen has been
cloned recently and been found to localize to
the somatodendritic domain of cultured hip-
pocampal neurons (Kiebler et al., 1999). It is
possible that in the neurons Staufen may have
a similar role in the polarized transport and
localization of mRNAs (Kiebler et al., 1999).
   An another interesting example of an RNA-
binding protein is the zipcode-binding protein
1 (ZPB-1, 60 kDa), which was isolated from
chicken fibroblasts (Ross et al., 1997). ZPB 1
binds specifically to the 54 nt zipcode of β-
actin mRNA. ZPB 1 contains five RNA-bind-
ing domains: an RRM-type RNA-binding do-
main and four KH domains. ZBP 1 colocalizes
with β-actin mRNA and its overexpression
increases the localization of the β-actin mRNA
(Ross et al., 1997). Interestingly, a Xenopus
homolog of the chicken ZPB 1 has been puri-
fied and shown to specifically bind to the Vg
1 RNA cis-acting element (Deshler et al., 1998;
Havin et al., 1998). These results suggest that
RNA localization in vertebrates may share
common features.
   Another ZBP protein, ZBP 2 (95 kDa), has
been shown to bind to the 54 nt zipcode of β-
actin mRNA in neurons (Hazelrigg, 1998).
ZBP 2 is also present in fibroblasts. In these
two cell types, β-actin mRNA associates with
different proteins, which in turn mediate its as-
sociation with different cytoskeletal elements.
It is noteworthy that ZPB 2 has also been found
in the nucleus.
   Recently, 6 proteins, which bind specifically
to the RTS tag of MBP mRNA have been pu-
rified from rat brain extracts. The most abun-
dant one has been identified as a heterogene-
ous nuclear protein (hnRNP) A2 (de Vries et
al., 1997). While this protein is primarily nu-
clear, it has been shown to colocalize with
MBP mRNA in the transport particles (de Vries
et al., 1997). This suggests that the first step in
mRNA localization may occur in the nucleus,
where the hnRNP A2 binds to MBP mRNA
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and later on is transported to the cytoplasm.
   However, in addition to RNA-protein inter-
actions in mRNA localization, RNA-RNA in-
teractions may play a crucial role in the proc-
ess. Indeed, it has been shown that the BC1
RNA is present in the dendritic transport gran-
ules (Muslimov et al., 1998). BC1 is a non-
translated RNA polymerase III; therefore the
function of its localization to these granules
can not be to target the protein. In Xenopus,
the Xlsirts RNA localizes at the vegetal cor-
tex and its targeting is necessary for the locali-
zation of the Vg1 mRNA (Kloc and Etkin,
1998). However, no direct evidence exists that
this localized non-translated RNA participates
in the localization of other mRNAs.

2.1.4. The role of the cytoskeleton in mRNA
localization

Active transport along the cytoskeleton is the
most commonly suggested mechanism to ex-
plain mRNA localization. All cytoskeletal
components including intermediate filaments,
microtubules and microfilaments participate in
mRNA localization. The cytoskeleton plays a
role in both the transport and the anchoring of
the mRNA at its final destination. Apart from
Staufen protein, nothing is known about how
the mRNA can be transported and anchored
on the cytoskeleton.
   Intermediate filaments may play a role in the
localization of certain mRNAs in the center of
the cell, as in the case of neurons and
fibroblasts, or in the periphery as in the case
of the costamere mRNAs (Morris and Fulton,
1994). Unfortunately, no direct evidence exists
for an interaction between these filaments and
mRNAs.
   Microtubules have been associated with long
distance transport in the oocyte and in neu-
rons (see review, Oleynikov and Singer, 1998).
In these cells, disruption of the microtubules,
using colcemid or taxol arrests the localiza-
tion process. In neuronal cells, the localiza-
tion of mRNAs to a distant area of the cell,
like the growth cones, occurs mainly via the
microtubules and the actin filaments may there-
after be used for anchoring prior to the trans-

lation.
   Transport of mRNAs along microtubules
requires microtubule-dependent motors. Two
microtubule-associated proteins, kinesin and
dynein, have been implicated in the transport
of organelles along the microtubules (for
review, see Hirokawa, 1998). Kinetic studies of
mRNA sorting for MBP are consistent with
the rate of kinesin transport (Barbarese et al.,
1995), but no direct evidence exists for in-
volvement of kinesin in the transport of
mRNAs.
   As mentioned above, microfilaments in the
oocyte and in neuronal cells are involved in
the anchoring process, in the final destination
of the mRNA, rather than in the transport. How-
ever, in non-neuronal somatic cells, microfila-
ments are implicated both in transport and in
anchoring. In situ hybridization using poly(A)
mRNA, shows that the majority of the mRNAs
are localized to actin-filament intersections,
which contain ribosomes and the elongation
factor 1α (EF1α) in fibroblasts (Bassell et al.,
1994a). More specifically, by using cytoskel-
eton-disrupting drugs it has been shown that
the β-actin mRNA is transported and anchored
by a microfilament-dependent mechanism
(Sundell and Singer, 1991), although in neu-
rons the transport of β-actin is dependent on
microtubules (Bassell et al., 1998). The ten-
dency of the β-actin mRNA to associate with
microtubules in neurons may be due to the
long distance transport. In yeast, Ash1p mRNA
localization also requires intact microfilaments
(Takizawa et al., 1997).
   In contrast to the microtubule-mediated trans-
port, microfilament-mediated transport is sug-
gested to require actin-dependent motors (i.e.
myosins). For example, Ash1p mRNA is incor-
rectly localized in the absence of a myosin
(Myo4p; Takizawa et al., 1997), but so far there
has been no direct demonstration that the
Ash1p mRNA itself is transported by Myo4p.

2.1.5. Transport particles

RNA may be packaged into transport particles,
that contain mRNA molecule(s) and transla-
tional machinery. These particles may then be
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transported along the cytoskeleton via inter-
actions of the cis-acting signals, motor mol-
ecules and/or other proteins. The first evidence
of such particles comes from the study of MBP
mRNA in oligodendrocytes (Ainger et al.,
1997). When MBP mRNA labelled with one
fluorochrome was microinjected into living
cells, the mRNA accumulated in particles of ∼
0.3 µm diameter closed to the microtubule
bundles. These particles move at the rate of
0.2 µm/s, which suggests that the transport may
be mediated by a kinesin-like motor protein.
   At present, these granules have only been
observed at a light microscopic level and it is
therefore impossible to affirm if these granules
are just an artefact. Only the analysis of the
constituents of the granules after biochemical
purification would confirm the existence of spe-
cific transport particles.

2.1.6. The cell environment

The regulation of mRNA localization can in-
fluence cell morphology during development
by providing a pool of protein in a specific
region. β-actin localization in fibroblasts is in-
duced by serum and platelet-derived growth
factors (Latham et al., 1994; Hill et al., 1994),
and this induction is required for maximal cell
motility rate (Kislauskis et al., 1997). These
results suggest a function for mRNA localiza-
tion during motility of somatic cells.
   In neurons, a similar regulation could influ-
ence morphology and neuronal activity. Re-
cent evidence indicates that the neurotrophin
NT-3 can promote the localization of dendritic
mRNA granules (Knowles and Kosik, 1997;
Zhan et al., 1999).

2.1.7. Translation of the localized mRNAs

The efficiency of protein synthesis benefits
from a close spatial association of all factors
involved in translation. As mentioned above,
mRNAs are suggested to be transported along
the cytoskeleton in granules. These transport
particles may contain not only the mRNA and
RNA-binding proteins but also components of
the translational machinery. In

oligodendrocytes, in situ hybridization com-
bined with immunofluorescence revealed that
MBP mRNA, arginyl-tRNA synthetase, elon-
gation factor 1α and ribosomal RNA are
colocalized in these granules (Barbarese et al.,
1995). Using single dendrite transfection, it has
been shown that local protein synthesis occurs
in dendrites and also in growth cones of cul-
tured hippocampal neurons (Crino and
Eberwine, 1996). This result points to local
protein synthesis in the dendrites.
   Is the translation occurring only when the
mRNA has reached is location? This seems to
be the case in Drosophila. Several mRNAs
localized in Drosophila oocyte are subject to
localization-dependent translational control:
only the mRNAs that have reached the final
destination are translated (Wilson et al., 1996).
Because translation, stability, association with
the cytoskeleton and localization, are all events
mediated primarily through the mRNA´s
3´UTR, it is reasonable to suggest that all these
processes may overlap in the mechanism and
depend on each other. In somatic cells, such
evidence is so far lacking.

2.1.8. Functions of mRNA localization

The function of mRNA localization is to gen-
erate, in the majority of cases, a pool of a pro-
tein to a specific region of the cell. Localized
mRNAs encode all kinds of proteins, including
transcription factors, cytoskeletal proteins and
receptor subunits (Table 1). How does the lo-
cal synthesis of these proteins contribute to the
cellular structure and function?

Cell polarity

Cell polarity is the ultimate consequence of
mechanisms that establish and maintain func-
tionally specialized domains in the plasma
membrane and cytoplasm. In cells, polarity is
initiated by the formation of asymmetry at the
cell surface by external and internal cues. In-
deed, extracellular contacts between two cells
or between a cell and the extracellular matrix
are sufficient to initiate the segregation of
membrane and cytoskeletal proteins between
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contacting and non-contacting surfaces. As
mentioned above, one way to create such pool
of proteins within the cell is to localize  mRNAs.
The best evidence of the functional connec-
tion between mRNA localization and the in-
duction of cell polarity comes from the study
of β-actin mRNA in fibroblasts. When chicken
fibroblasts are deprived of serum for 20 h, β-
actin mRNA becomes delocalized and the cell
shows a less polarized phenotype (Latham et
al., 1994; Hill et al., 1994).  If the cells are then
exposed to serum or chemotactic factors like
PDGF or LPA, β-actin mRNA is relocalized to
the lamellipodia within a few minutes (Latham
et al., 1994). Moreover, treatment of the cells
with herbimycin, which is an inhibitor of
tyrosine kinases, inhibits the localization of β-
actin mRNA (Latham et al., 1994). These results
suggest that extracellular factors operating
through a signal transduction pathway can
regulate spatial sites of actin synthesis, which
may in turn affect cell polarity. These
experiments do not, however, show whether
local transmembrane signalling would be able
to localize a mRNA or whether this could be an
indirect result following e.g. cell spreading and
process extension.
   The most convincing evidence demonstrat-
ing that the β-actin mRNA plays a role in cell
polarity, comes from the artificial
delocalization of β-actin mRNA. As men-
tioned above, the cis-acting signal of β-actin
mRNA is a 54 nt sequence in the 3´UTR part.
Using antisense oligonucleotides against this
tag element, Kislauskis et al. showed that β-
actin mRNA specifically becomes delocalized,
without changing the amount of β-actin mRNA
or the protein synthesis and actin integrity
(Kislauskis et al., 1994). After 12 h in the
presence of the oligonucleotides, chicken
fibroblasts no longer show a polarized pheno-
type and the lamellipodia collapse (Kislauskis
et al., 1994). Therefore, the localization of β-
actin mRNA and the ensued local protein syn-
thesis can provide a pool of newly synthe-
sized actin monomers, which facilitate the as-
sembly of actin filaments involved in cell
polarity. Thus, mRNA localization and
positional translation may act in concert with

protein transport to regulate microfilament
composition and consequently cell structure.

Cell migration

To migrate, cells must acquire a spatial
asymmetry enabling them to activate
intracellularly generated forces into cell
movement. One feature of this asymmetry is to
create a polarized morphology between cell
front and rear. An important consequence of
polarization is that the extension of active
membrane processes, including both
lamellipodia and filopodia, takes place primarily
around the front of the cell. Conversion of
protrusion into cell translocation across a
surface requires the coordination of the cy-
toskeleton, adhesion, and transmembrane sig-
nalling (for review, see Lauffenburger and
Horwitz, 1996; Mitchison and Cramer, 1996).
   The ability to generate and maintain this
functional asymmetry involves the enrichment
of actin filaments at the lamellipodia. β-actin
mRNA is required for cell polarity in
fibroblasts (Kislauskis et al., 1994). To extend
these observations to cell motility, inhibition
of β-actin mRNA localization by
oligonucleotides has been shown to result in
significantly reduced cell migration, as
evaluated by time-lapse video-microscopy
(Kislauskis et al., 1997). It is likely that β-actin
mRNA augments cell motility by providing new
actin monomers for polymerization at the
leading edges. It is noteworthy that localization
of β-actin mRNA is independent of protein
synthesis (Sundell and Singer, 1990). It is rea-
sonable to propose that translation of localized
β-actin mRNA is important to achieve maximal
translocation (Kislauskis et al., 1997). There-
fore, mRNA localization represents a spatial
component of gene expression in the cyto-
plasm determining the area where a protein
should be synthesized. This control of gene
expression appears to be an essential step in
cell polarity and consequent in cell migration.

Cell differentiation

In Saccharomyces cerevisiae, recent studies
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have shown that mRNA localization plays a
role to determine cell fate. The protein Ash1p
is a cell fate determinant in yeast and localizes
preferentially to the daughter cell (Bobola et
al., 1996; Sil and Herskowitz, 1996). Ash1p
inhibits mating-type switching by repressing
HO endonuclease expression in the daughter
cell (Bobola et al., 1996). Indeed, the Ash1
mRNA has been found to localize to the distal
tip of the daughter buds, suggesting that the
transport and localization of the mRNA may
asymmetrically establish bud formation
(Takizawa et al., 1997).

Process outgrowth and synaptogenesis

In immature neurons in culture, mRNAs that
localize to the peripheral area of the cell are
present in neurites and are concentrated in
growth cones (Kleiman et al., 1994). Growth
cones are the motile tips that guide neurons to
their targets during development of the nerv-
ous system. The growth cones contain bundles
and networks of actin filaments. Recently β-
actin mRNA, as well as protein, were detected
in neurites and growth cones in cortical
neurons in culture (Bassell et al., 1998). Ul-
trastructural analysis revealed polyribosomes
within growth cones that colocalize with
cytoskeletal elements (Bassell et al., 1994b).
Therefore the local synthesis of β-actin pro-
tein may increase G-actin concentration and
facilitate the actin polymerization within
growth cones.
     By using differential display to detect
mRNAs in growth cones, it has been shown
that there is an increase in the complexity of
mRNA population in association with progres-
sive dendritic arborization (Crino and
Eberwine, 1996). Moreover, protein kinase C
and calmodulin I mRNAs have been found in
the dendrites during the period of active
synaptogenesis (Steward, 1995; Moriya and
Tanaka, 1994). Both proteins have been im-
plicated in synaptogenesis. Therefore, it is
tempting to hypothesize that local translation
in growth cones may contribute to the func-
tional transition, from pathfinding to special-
ization in postsynaptic terminals.

Synaptic plasticity

As in synaptogenesis, dendritic mRNAs may
be used to synthesize some postsynaptic
components when synapses are remodeled in
adults during synaptic plasticity. Synaptic
plasticity, which is reflected in long-lasting
changes in synaptic strength, is dependent
on gene transcription and translation.
However, it is still an enigma how
transcriptional regulation, which takes place
in the nucleus, can selectively modify synaptic
sites in the dendrites. Is the localization of
mRNA and the consequent local protein
synthesis the key mechanism?  Ribosomes and
polysomes as well as the reticular structures
are detected throughout the dendritic arbor
(Chicurel et al., 1993 Steward, 1995; Torre and
Steward, 1996). Recently, it has been shown
that all elements required for protein synthesis
and insertion of folded and glycosylated
transmembrane proteins are present in the
synapses (Gardiol et al., 1999). Therefore,
localized mRNA in the dendrites could be also
translated.
    Local protein synthesis in dendrites can be
regulated by synaptic activity as shown by the
activation of glutamatergic synapses (Weiler
and Greenough, 1993). Most importantly, re-
cent studies show that mRNA translation can
be stimulated by neurotrophic factors like
BDNF and NT3 (Kang and Schuman, 1996 ).
These results provide the first evidence for
local protein synthesis in neuronal plasticity.
However, direct evidence showing that a spe-
cific mRNA is translated in the dendrites, is
still lacking.
   Although the presence of mRNAs in
dendrites is clear, it is not known whether
every dendritic mRNA is functionally
important and what role each localized mRNA
plays. For some mRNAs, the localization in
dendrites has been suggested to have an im-
portant functional implication. For example,
Arc mRNA is strongly induced after seizure
or NMDA receptor-dependent synaptic stimu-
lation (Lyford et al., 1995). CaMKIIα mRNA
is also upregulated following the induction of
LTP (Thomas et al., 1994).  However, the evi-
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dence for a role of dendritic mRNAs in
synaptic plasticity is still largely indirect and
weak.

2.2. CELL MIGRATION

Cell migration is involved in a wide variety of
biological phenomena during normal physiol-
ogy, such as embryogenesis, as well as in
pathology, like metastasis. Cell migration is a
multi-step process, which is spatially and tem-
porally coordinated (for review, see
Lauffenburger and Horwitz, 1996). The migra-
tory process starts from the extension of the
lamellipodia and filopodia at the leading edge
due to extracellular stimuli (cell-to-cell contacts
or cell-ECM contacts), followed by the
clustering of integrins and attachment to the
underlying substrate. Translocation is finally
achieved by the cytoskeletal reorganization
and backward movement of adhering integrins
and the retraction of the trailing edge due to
integrin detachment from the substrate (Fig.
2).
   The cytoskeleton plays an essential role in
the coordination of the migratory processes
(for review, see Mitchison and Cramer, 1996).
For example, extension of filopodia and
lamellipodia after migratory stimuli requires
local actin polymerization. The increase of
sites for actin polymerization is partially pro-
vided by an increase of actin monomers. As
mentioned earlier, the localization of β-actin
mRNA is likely to be one of the mechanisms
by which the concentration of monomeric ac-
tin increases at the leading edge (Kislauskis et
al., 1997). It is important to note that β-actin
mRNA localization is a spatially and tempo-
rally regulated process (Latham et al., 1994).
It is thus reasonable to assume that localized
mRNAs and consequently local protein syn-
thesis may participate in the mechanisms of
cell migration, for example by maintaining the
polarized morphology. Therefore, the mecha-
nisms, which regulate cell migration may also
regulate the localization of cell motility-asso-
ciated mRNAs.
   To migrate, a cell first receives extracellular
stimuli from the extracellular matrix, from other

cells or from soluble growth factors in the
extracellular environment. These signals are
then transmitted to the cells via t celll
membrane receptors. Many extracellular mol-
ecules, like growth factors, cytokines and ECM
components are able to promote cell migration
through specific receptors.

2.2.1. Extracellular signals

Laminin, HB-GAM and other ECM compo-
nents

The attachment of cells to the ECM is essen-
tial for cell migration. The ECM is composed
of a variety of molecules such as collagens,
fibronectin, laminin, proteoglycans, tenascin,
thrombospondin and many others (for review,
see Mosher et al., 1992). Although the amount
of the ECM varies, it is most abundant during
the period of cell migration and cell differen-
tiation. Cells use a number of different adhe-
sion receptors to bind to the ECM, including a
family of cell surface proteoglycans called
syndecans (see below). The most prominent
ECM adhesion receptors are the integrins, a
large family of heterodimeric transmembranes
proteins with different α and β subunits (dis-
cussed below).

Laminins are a family of multifunctional mac-
romolecules, ubiquitous in basement
membrane. They represent the most abundant
structural noncollagenous glycoproteins of
highly specialized extracellular matrices.
Laminins are composed of various isoforms
arising from different A, B1 and B2 chains
(Skubitz et al., 1991; Aumailley and Smyth,
1998). The expression of laminin chains is
spatio-temporally regulated, suggesting that
laminin isoforms might have different functions
(Ryan et al., 1996). In addition to the role in
basement membrane assembly, laminins
enhance cell migration through binding to
integrin family receptors. The ability of tumor
cells to migrate and invade other tissues is a
characteristic of poor prognosis. In glioma,
laminin is one of the permissive substrates, to
which glioma cells attach and migrate, although
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in normal adult brain laminin is largely absent
(Uhm et al., 1999).

HB-GAM (Heparin-Binding Growth-Associ-
ated Molecule; p18; pleiotrophin) is an extra-
cellular matrix-associated protein rich in lysine
and cysteine residues (Merenmies and
Rauvala, 1990). The sequence of HB-GAM is
highly conserved across species; more than 95
% homology is found in the human, rat, bo-
vine and chicken. HB-GAM shares about 50
% homology with midkine protein involved in
retinoic acid-induced cell differentiation
(Matsubara et al., 1990; Tomomura et al., 1990).
HB-GAM was initially isolated from neonatal
rat brain as a heparin-binding and neurite out-
growth-promoting protein (Rauvala, 1989;

Rauvala and Peng, 1997), but it is also present
in many non-neuronal tissues during embry-
onic development. It is abundant in develop-
ing bone, and has been therefore also termed
as osteoblast specific factor-1 (OSF-1; (Tezuka
et al., 1990).
     HB-GAM induces neurite outgrowth from
central and peripheral neurons (Rauvala, 1989;
Nolo et al., 1996). In addition to the neurite
outgrowth-promoting activity, HB-GAM is
expressed in the fiber tracts at the stage of rapid
axonal growth, but its expression declines rap-
idly after axonal development (Rauvala et al.,
1994). Therefore, HB-GAM has been sug-
gested to be a guidance cue during develop-
ment in the central and peripheral nervous sys-
tem (Nolo et al., 1995; Kinnunen et al., 1998a;

Figure 2: Cell migration in 5 steps. Extension of the membrane lamellipodia or filopodia is due to extracellular
stimuli (e.g. growth factors and extracellular matrix proteins) (1); clustering of integrins and adhesion to matrix (2);
contraction of the cytoplasm resulting in the cell body translocation (3); release from contact sites (4); recycling of
membrane receptors from the rear to the front (5).
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Kinnunen et al., 1999). Additional functions
have been proposed for HB-GAM, like a role
in neuronal injury, development of nerve/
muscle contacts and synaptic plasticity (Szabat
and Rauvala, 1996; Lauri et al., 1998; Yeh et al.,
1998).
   HB-GAM binds with high affinity to N-
syndecan/syndecan 3 (Raulo et al., 1994). The
expression patterns of HB-GAM and N-
syndecan are very similar in the neonatal fore-
brain (Nolo et al., 1995). In addition to N-
syndecan, phosphacan (receptor type tyrosine
phosphatase ζ /β), a chondroitin sulfate
proteoglycan, has been shown to bind HB-
GAM with high affinity (Maeda et al., 1996),
and this interaction might be involved in neu-
ronal migration (Maeda and Noda, 1998).

Growth factors and cytokines

Growth factors and cytokines are involved in
many biological processes, such as cell prolif-
eration, survival, process outgrowth and
synaptogenesis. In addition, a number of
growth factors and cytokines can promote cell
migration through autocrine or paracrine path-
ways, mainly through a family of cell surface
receptors called receptor tyrosine kinases.
Hepatocyte growth factor/scatter factor (HGF/
SF) is a well-known growth factor that con-
trols cell motility (for review, see Birchmeier
and Gerhardi, 1998). Disruption of the HGF/
SF gene results in migration defect of myo-
genic precursors (Bladt et al., 1995). Migrat-
ing myogenic progenitors are generated from
the dermomyotome by an epithelial-mesenchy-
mal transition. Ectopic application of HGF/SF
in the chick embryo induces ectopic epithe-
lial-mesenchymal transition and migration of
the myogenic precursors (hence the term scat-
ter). The receptor for HGF/SF is the tyrosine
kinase encoded by the c-met protooncogene
(Bottaro et al., 1991).
   β-actin localization in fibroblasts is induced
by platelet-derived growth factor (Latham et
al., 1994; Hill et al., 1994) and this induction
is required for maximal rate of cell motility
(Kislauskis et al., 1997). In neurons, the
neurotrophin NT-3 can promote the localiza-

tion of dendritic mRNA granules and β-actin
mRNA in growth cones (Knowles and Kosik,
1997; Zhan et al., 1999).

2.2.2. Signal transduction

There are two major classes of receptors that
regulate cell locomotion: the integrin receptors
that bind specific extracellular adhesion mol-
ecules and growth factor receptors that bind
their respective ligands. Therefore, it is not
surprising that there is cross-talk between
integrins and growth factor receptors in cell
motility regulation. In this way, each receptor
type can either amplify or attenuate the oth-
er’s signal and downstream responses.

Integrins

Integrins regulate cell functions, for example
cell migration, proliferation, and behavior in
almost all cell types (for review, see Schwartz
et al., 1995). Local regulations of cytoplasmic
processes, including alterations of the cytosk-
eleton, secretion, and the control of adhesion,
are mainly mediated by integrins. Integrins are
a large family of cell surface receptors, which
are dimeric proteins, containing an α-subunit
and a β-subunit (Schwartz et al., 1995). The
function of integrins as transmembrane recep-
tors depends on their ability to bind their
ligands, for example extracellular matrix pro-
teins like laminin and fibronectin, and the cou-
pling of integrin cytoplasmic domains to the
cytoskeleton via the interaction of proteins,
including talin, vinculin and α-actinin, lead-
ing to the induction of intracellular signals
(Schwartz et al., 1995). During cell motility, sig-
nalling through integrins is also important for
directed migration (Leavesley et al., 1993).
   Depending on the extracellular ligand,
integrin clustering triggers activation of a num-
ber of signalling pathways, including MAP
kinases, PKC (protein kinase C), PTK (pro-
tein tyrosine kinases) such as pp125 focal ad-
hesion kinase and src, changes in intracellular
pH and calcium, membrane potential, and lipid
metabolism (Schwartz et al., 1995). Together
with cytoskeletal proteins that associate di-
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rectly or indirectly with integrin cytoplasmic
domains, these signalling events initiate cell
spreading due to cell adhesion mediated by
integrins, leading to cell migration.
    However, cell migration velocity also de-
pends on the breakdown of adhesion contacts,
due to the loss of integrins at the rear of the
cell. Integrins are either left behind on the sub-
stratum (Chen, 1981), dispersed by diffusion
toward the cell front, or internalized by en-
docytosis (Palecek et al., 1996). This points
out to the necessity of efficient delivery of
adhesion molecules to the leading edges.

Syndecan family

The syndecans are transmembrane heparan
sulfate proteoglycans and represent a family
of 4 members (syndecan-1, -2, -3 and -4) (for
review, see Carey, 1997). Most cells express at
least one member of the syndecan family, but
the expression of each syndecan is specifi-
cally regulated during tissue development
(Carey, 1997). For example, syndecan-3 or N-
syndecan is strongly expressed in the devel-
oping nervous system (Carey, 1997).
Syndecans bind to their extracellular ligands
via their heparan sulfate chains. Many extra-
cellular proteins, which bind to syndecans, also
interact with other receptors at a higher de-
gree of affinity and communicate through this
binding with intracellular signalling pathways.
Thus, syndecans have been suggested to func-
tion as co-receptors rather than signalling re-
ceptors. For example, integrin-mediated re-
sponses can be modified by syndecan 4
(Couchman and Woods, 1999).
   Recently, it has been shown that the cytoso-
lic domain of N-syndecan binds a protein com-
plex containing src-family tyrosine kinases
(pp60-src and fyn) and the src-substrate
cortactin (Kinnunen et al., 1998b). Moreover,
binding of its ligand, HB-GAM, to N-syndecan
leads to a phosphorylation and activation of
src followed by cortactin phosphorylation
(Kinnunen et al., 1998b). Phosphorylation of
cortactin regulates actin crosslinking, which
is required for cell migration (Huang et al.,
1997).

Receptor tyrosine kinases

A large number of growth factors and cytokines
act through transmembrane receptors with in-
trinsic protein tyrosine kinase activity (see re-
view, Schlessinger and Ullrich, 1992). Signal-
ling by tyrosine kinase receptors is mediated
by selective interactions between individual
Src homology 2 (SH2) domains of cytoplas-
mic effectors and a specific phosphotyrosine
in the activated receptor (see review, Marshall,
1995). For example, c-met, the receptor of
HGF/SF, has two tyrosine residues, which are
phosphorylated upon ligand binding and mu-
tation of these two residues is sufficient to sup-
press the receptor activity (Ponzetto et al.,
1994). Thus, it appears that the tyrosine resi-
dues are essential for recruiting signal trans-
ducers and adaptors, which act downstream of
c-met. In cell migration, c-met activates the
phosphoinositide 3-kinase (PI 3-kinase) as well
as ras-rac/rho pathways (Birchmeier and
Gherardi, 1998).

Rho-family proteins

The driving force for cell movement is pro-
vided by the dynamic reorganization of the
actin cytoskeleton, directing protrusion at the
front and retraction at the rear of the cell. Mem-
bers of the rho family of ras-related small
GTPases serve as molecular switches, which
regulate actin polymerization to distinct struc-
tures. The activity of Rho GTPases is deter-
mined by the ratio of their GTP-bound and
GDP-bound states and is regulated by the op-
posing effects of guanine exchange factors
(GEFs), which enhance the exchange of bound
GDP for bound GTP, and the GTPase-activat-
ing proteins (GAPs), which increase the in-
trinsic rate of hydrolysis of bound GTP. In
addition, guanine nucleotide dissociation in-
hibitors can inhibit both the exchange of
nucleotides and the hydrolysis of bound GTP
(for review, see Hall, 1998). In fibroblasts,
the three best characterized members of the
rho family control the reorganization of ac-
tin-based structures induced by growth fac-
tors: formation of stress fibers and focal adhe-
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sion contacts are governed by RhoA, ruffling
and lamellipodia extension is regulated by
Rac1 and filopodia formation is controlled by
Cdc42 (Ridley and Hall, 1992; Nobes and Hall,
1995). RhoA activation is downstream of Rac1
and both Rac1 and RhoA are downstream of
Cdc42. Therefore, the interplay between acti-
vation of these GTPases generates specific
GTPase cascades, which influence the actin
cytoskeleton and cell behavior (Chant and
Stowers, 1995). Overexpression of RhoA, Rac1
and Cdc42 stimulates cell motility and inva-
sion, while inhibition of their activity inhibits
cell motility and invasion (Hall, 1998).

2.3. AMPHOTERIN/HMG-1

2.3.1. Characteristics of amphoterin

Amphoterin (p30) was isolated from perinatal
rat brain as a heparin-binding protein, which
promotes neurite outgrowth in brain neurons
in vitro by binding to the cell surface (Rauvala
and Pihlaskari, 1987). This protein has a di-
polar structure (designated therefore as
amphoterin), consisting of a 184-amino acid
basic region followed by a cluster of 30 acidic
residues in the carboxy terminal end
(Merenmies et al., 1991). The dipolar struc-
ture is the apparent reason for the formation
of dimers and oligomers under physiological
conditions (Rauvala and Pihlaskari, 1987). The
amphoterin sequence proved to be identical to
the sequence cloned for the high mobility
group 1 protein (HMG-1) (Bianchi et al.,
1989). The designation “HMG” refers to non-
histone components of chromatin (for review,
see Bustin and Reeves, 1996). Since the cur-
rent review mainly deals with extracellular in-
teractions of the protein, the designation
“amphoterin” will be used instead of “chro-
mosomal HMG-1”.
   Amphoterin/HMG-1 is a ubiquitous, highly
conserved molecule. All eukaryotes possess
a similar protein. However, the physiological
function of amphoterin/HMG-1 and related
evolutionary conserved proteins still remains
unclear (Baxevanis and Landsman, 1995).
Many roles have been suggested, such as in

DNA replication, chromatin assembly and dis-
assembly (Travers et al., 1994) or transcription
(Ge and Roeder, 1994), but none of these
potential functions have been confirmed un-
equivocally. The protein contains two domains
that are homologous with the DNA-binding
HMG box. A weak binding has been shown to
double-stranded linear DNA (Stros et al., 1994)
and a high affinity binding to DNA containing
sharp bends (Bianchi et al., 1989; Bianchi et
al., 1992). However, it is currently thought that
HMG-1 binds only weakly to DNA, without
sequence specificity, but that this interaction
would enhance the function of steroid hormone
receptors (Boonyaratanak-ornkit et al., 1998;
Calogero et al., 1999).
   Generation of knockout mice shows no
changes in the chromatin organization in the
nucleus (Calogero et al., 1999). Hmg1-/- mice
are born alive, but the majority die within 24 h
due to hypoglycaemia (Calgero et al., 1999).
Moreover, a small proportion of mutant mice
survive for 4 weeks after birth. These mice
show severe developmental problems, includ-
ing size reduction and a generalized atrophy
of internal organs (Calogero et al., 1999).
However, the reasons for this generalized at-
rophy remain unexplored.
   Amphoterin expression is developmentally
regulated. In rat brain the expression of
amphoterin is high during the embryonic pe-
riod and decreases after birth (Rauvala and
Pihlaskari, 1987; Merenmies et al., 1991).
Furthermore, amphoterin is abundant in
oligodendrocytes during late embryonic devel-
opment (Daston and Ratner, 1994). Therefore,
the abundance of amphoterin seems to corre-
late with an undifferentiated cell stage and
early maturation.
   Although the designation HMG-1 means a
nuclear component, the protein in cells has
been found to localize mainly to the cytoplasm
(Bustin and Neihart, 1979). Amphoterin was,
in many recent studies, detected in the cyto-
plasm of the cell somas as well as in the proc-
esses of many cells in vitro and in vivo, but
little or no localization was observed in the
nucleus (Rauvala et al., 1988; Merenmies et al.,
1991; Daston and Ratner, 1991). These results
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suggest that either nuclear and cytoplasmic
amphoterin have a different structure or that a
mechanism bypassing the nuclear transport
takes place. Proteins that are closely related in
their sequence to amphoterin exist in cells
(Parkkinen et al., 1993; Bianchi, 1998), but
their subcellular distribution is currently un-
clear.

2.3.2. Localization and interactions of
amphoterin in the extracellular space

Despite the lack of a secretion signal,
amphoterin also shows extracellular localiza-
tion. In rat neurons and in a neuroblastoma cell
line, amphoterin is localized at the surface of
cell bodies and neurites in vitro (Rauvala et
al., 1988) and is quickly secreted to the cul-
ture medium from induced erythroleukemia
(Melloni et al., 1995b). In vivo, amphoterin  is
found to be associated with neurons and glial
cells (Daston and Ratner, 1991; Nair et al.,
1998)
   Different functions have been suggested for
amphoterin in cells. Since antibodies against
amphoterin inhibit neurite initiation, it has been
proposed that amphoterin promotes neurite
outgrowth in vivo (Rauvala et al., 1988;
Merenmies et al., 1991). These results suggest
an autocrine function for amphoterin in medi-
ating neurite outgrowth. Amphoterin might
also mediate neuron-Schwann cell interactions
that are important in myelination (Daston and
Ratner, 1991). Furthermore, it has been shown
that amphoterin plays an essential role in pro-
moting differentiation of murine
erythroleukemia (Melloni et al., 1995a). It is
noteworthy that amphoterin binds to plasmino-
gen and its activators (tissue plasminogen ac-
tivator (t-PA) and urokinase-type plasminogen
activator (u-PA)), resulting in plasmin genera-
tion and degradation of amphoterin (Parkkinen
and Rauvala, 1991; Parkkinen et al., 1993).
These results suggest that amphoterin-plas-
minogen activator complex might contribute
to penetration of the processes in tissue dur-
ing development and regeneration after tissue
injury.
   The secretion mechanism of amphoterin is

not known. Amphoterin is released to the ex-
tracellular space after cell stimulation, and the
secretion is not due to cell damage
(Passalacqua et al., 1997; Passalacqua et al.,
1998; Wang et al., 1999). Moreover, the ER/
golgi pathway is not involved in the secretion
of amphoterin, but intracellular increase of
Ca2+ and protein kinase C may be required
(Passalacqua et al., 1997). Recently,
amphoterin has been shown to be secreted
from macrophages after stimulation with
cytokines, including TNF-α and IL-1 (Wang
et al., 1999). Accumulation of high levels of
amphoterin in plasma has been suggested to
act as a late mediator of the endotoxin shock
(Wang et al., 1999).

2.3.3. Cell surface receptors of amphoterin

Syndecans and other proteoglycans

Several studies on the biochemical properties
of amphoterin suggest that it can interact with
the cell surface and extracellular matrix via
multiple mechanisms. Since amphoterin can
be detached from cell surfaces by heparin,
amphoterin might bind to heparan sulfate
proteoglycan (Rauvala et al., 1988). Indeed,
amphoterin binds syndecan 1 in a specific
manner and this binding requires the heparan
sulfate chains of syndecan 1 (Salmivirta et al.,
1992). Recently, it has been shown that
amphoterin also binds to the chondroitin
sulfate proteoglycan neurocan and
phosphacan/receptor-type tyrosine phos-
phatase ζ /β (Milev et al., 1998) and to
sulfoglycolipids (Nair et al., 1998).

Receptor for advanced glycation end prod-
ucts (RAGE)

RAGE is a member of the immunoglobulin
superfamily and bears closest homology to
neural cell adhesion molecule (NCAM)
(Schmidt et al., 1992; Neeper et al., 1992).
RAGE was originally isolated as the receptor
for advanced glycation end products (AGEs),
which are nonenzymatic glycation products
of proteins and lipids that accumulate during
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senescence and in diabetes (Brownlee et al.,
1988). This interaction leads to vascular disor-
ders by generating cellular oxidant stress
(Wautier et al., 1996). RAGE has been also
shown to interact with amyloid-β peptide (Aβ)
(Yan et al., 1996). RAGE-Aβ interaction re-
sults in oxidant stress in vitro and therefore
RAGE has been proposed to mediate the neu-
rotoxic effects of Aβ in Alzheimer’s disease
(Yan et al., 1996). In a recent study, RAGE has
been shown to bind EN-RAGE (extracellular
newly identified RAGE-binding protein), a
member of the S100/calgranulin protein
superfamily, and this interaction is able to trig-
ger cellular activation, with the generation of
proinflammatory mediators (Hofmann et al.,
1999).
Search of endogeneous ligands of RAGE from
tissue extracts has recently resulted in the iso-

lation of amphoterin (Hori et al., 1995). Fur-
thermore, the idea of a specific interaction be-
tween amphoterin and RAGE is supported by
the findings that anti-RAGE antibodies and
soluble RAGE inhibit neurite outgrowth from
cortical neurons on amphoterin-coated
substrates, and that amphoterin and RAGE
colocalize in developing rat brain (Hori et al.,
1995). Since the other ligands are not present
during development, it has been proposed that
amphoterin might act as the physiological lig-
and for RAGE and that their interaction might
be relevant for the development and the matu-
ration of the central nervous system (Hori et
al., 1996). Interestingly, amphoterin has also
been reported to compete with Aβ (Yan et al.,
1996) and with EN-RAGE (Hoffman et al., 1999)
for binding to RAGE.
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3. AIMS OF THE PRESENT STUDY

Cell migration is a multi-step process, which requires the coordination between extracellu-
lar and intracellular components. Considerable evidence indicates the involvement of two
heparin-binding proteins, HB-GAM and amphoterin in cell motility. However, many aspects
of their roles in cell migration remain unclear. For this purpose, the aim of this study was
specifically to:

1) understand the role of HB-GAM outside of the nervous system, especially in the mesen-
chymal tissue.

2) clarify the unexpected peripheral localization of amphoterin in motile cells.

3) investigate the role of amphoterin in the migration of immature and transformed cells.

4) analyze how the localization of motility-associated mRNAs is regulated and particularly,
whether transmembrane signalling is involved in the regulation of the mRNA localization.
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4. MATERIALS AND METHODS

Only materials and methods that have not been
published are described below. Other experi-
mental procedures are listed in the table 2, and
more detailed descriptions can be found in the
original publications.

Double-in situ hybridization

For double-in situ hybridization, the cells were
incubated in the presence of the digoxigenin-
labeled amphoterin and biotin-labeled β-actin
probes at 60oC overnight. After washing un-
der stringent conditions, the cells were blocked
for 1 h at room temperature in 0.25% Tween-
20 (Sigma, St Louis, MO)/5% goat serum
(PAA Labor-und Forschungesellschaft mbH,
Austria) in PBS. Both mRNAs were detected
independently of each other. First, the
digoxigenin-labeled amphoterin probe was
visualized using sheep anti-digoxigenin anti-
bodies (Boehringer Mannheim, Mannheim,
Germany) followed by affinity-purified
fluorescein isothiocyanate (FITC)-conjugated
rabbit anti-sheep IgG (Janssen Biochemica,
Belgium). Before the detection of β-actin
mRNA, the cells were washed with 0.25%
Tween-20 in PBS. The β-actin mRNA was
revealed using mouse anti-biotin antibodies
(Boehringer Mannheim) followed by affinity-
purified tetramethyl rhodamine(TRITC)-
conjugated goat anti-mouse IgG (Jackson

Table 2: List of methods used in the study (* experimental procedures not accomplished by myself )

Experimental procedure Described in

Cloning of β-actin cDNA from rat hippocampal library II
In Situ hybridization and probes I, II, III and IV
Immunocytochemistry and immuno-electron microscopy I, II, III, IV and V
Northern blotting I, IV and V
Western blotting I and IV
Isolation of HB-GAM binding fraction* I
Drug treatments I, III, IV and V
Bead assays and inhibition assays II and IV
Transient transfections IV and V
Antisense oligonucleotides IV
Neurite outgrowth assays I, IV and V
Transfilter migration assays I and IV
NF-κB-luciferase assay* V
A model of postarthritic periosteal ossification* I
Production of transgenic mice overexpressing HB-GAM* I

ImmunoResearch Laboratories Inc., West
Grove, PA). All antibody dilutions were pre-
pared in 0.25% Tween-20/5% goat serum in
PBS. The primary antibodies were incubated
at 4oC overnight and the secondary antibod-
ies at room temperature for 1 h. A confocal
laser fluorescence microscope (Biorad, Rich-
mond, CA) was used to analyze the results.

Drug treatments

In order to analyze mRNA transport, N18 cells
were plated on laminin (10 µg/ml) in the pres-
ence of cytochalasin D (1 µg/ml, Sigma, ) or
colcemid (5 µg/ml, Sigma) for different time
periods. To study mRNA anchoring, the cells
were kept on laminin for 3 h to induce process
growth, after which they were further cultured
in the presence of cytochalasin D (0.5 µg/ml)
or colcemid (5 µg/ml) for various time peri-
ods. Control cells were cultured in parallel
without drugs. The cells were then fixed with
4% paraformaldehyde/0.05% glutaraldehyde in
PBS and in situ hybridization was carried out
either with only one probe (eiher digoxigenin-
labeled amphoterin or β-actin probe) or with
two probes (digoxigenin-labeled amphoterin
and biotin-labeled β-actin probe) as described
above. After the color detection, the results
were analyzed under a light microscope (AX-
70, Olympus Optical Co Ltd., Japan) and the
cells were counted using a 20x objective.
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5. RESULTS

5.1. ROLE OF HB-GAM/N-SYNDECAN
INTERACTION IN CELL MOTILITY

5.1.1. Enhancement of osteoblast recruit-
ment and bone formation by HB-GAM (I)

Although it appears clear that HB-GAM,
through its receptor N-syndecan, enhances
migratory response in neurons, the possible
role of HB-GAM/N-syndecan interaction out-
side the brain has not been addressed. For this
purpose, HB-GAM expression was studied
during bone formation. HB-GAM is highly
expressed in the cell matrices that act as target
substrates for osteoblast migration and bone
formation (I: Fig. 1 and Fig. 2). Moreover, N-
syndecan is expressed by osteoblasts/osteob-
last precursors, which show a motile pheno-
type (I: Fig. 1). These results suggest that os-
teoblast recruitment may be mediated through
HB-GAM/N-syndecan interaction. Osteoblast-
type cells that express N-syndecan were there-
fore studied in a haptotactic cell migration as-
say, using HB-GAM as a cue. All osteoblast
cell types used in this study migrated rapidly
to HB-GAM, whereas N18 and 3T3 cells,
which do not express N-syndecan, did not re-
spond to HB-GAM (I: Fig. 3). In addition, in-
hibitors of tyrosine kinases, as well as solu-
ble HB-GAM and soluble N-syndecan added
into the medium, significantly inhibited the
migratory response to HB-GAM. These re-
sults suggest that HB-GAM/N-syndecan in-
teraction enhances osteoblast migration in a
similar manner previously described for HB-
GAM-induced migratory response of neurons
(Kinnunen et al., 1998b).
   To further study the role of HB-GAM/N-
syndecan interaction in bone formation, two
different models were used (I). In the adjuvant-
induced injury model, HB-GAM and N-
syndecan expression was upregulated in the
periosteum during the bone regeneration and
then disappeared after bone mineralization (I:
Fig. 5). In the HB-GAM transgenic model, the
maintenance of HB-GAM expression in peri-
osteum, resulted in  an increased bone thick

ness (I: Fig. 8).

5.1.2. Regulation of mRNA localization by
HB-GAM/N-syndecan signalling pathway
(II and unpublished data)

β-actin mRNA localization and the ensuing
local protein synthesis in the leading edges in
fibroblasts augment cell motility (Kislauskis
et al., 1997). Although the mechanism of
mRNA localization is intensively examined,
studies demonstrating the possible role of ex-
tracellular cues in the mRNA targeting has not
been analyzed. It is reasonable to assume that
transmembrane signalling participating in cell
motility may also regulate the localization of
mRNAs such as β-actin mRNA. For this pur-
pose, HB-GAM/N-syndecan signalling path-
way, which enhances migratory responses in
cells such as C6 glioma cells and osteoblasts
cell lines, was studied. When locally applied
to C6 (II: Fig. 2) or osteoblast cell line (un-
published data), HB-GAM is able to localize
β-actin mRNA by a microtubule and
microfilament-dependent mechanism (II: Fig.
2). In contrast, HB-GAM-coated beads have
no effect on the localization of N-syndecan
mRNA (II: Fig. 2C). Inhibitors of src tyrosine
kinase, as well as soluble HB-GAM and solu-
ble N-syndecan, significantly decreased β-ac-
tin mRNA localization induced by HB-GAM-
coated beads (II: Fig. 4 and 5). Moreover, anti-
N-syndecan antibodies coated on microbeads
were able to induce specifically the localiza-
tion of β-actin mRNA (II: Fig. 6).

5.2. SUBCELLULAR LOCALIZATION
OF AMPHOTERIN mRNA AND PRO-
TEIN

5.2.1. Localization of amphoterin mRNA
(II, III; IV; unpublished data)

Amphoterin has been shown to localize periph-
erally when cells start to grow processes
(Parkinnen et al., 1993). In order to study the
mechanisms of the peripheral localization of
amphoterin, several transformed cell lines
grown on laminin were subjected to in situ



29

hybridization. Amphoterin mRNA is localized
to the cell processes in rat glioma C6 (III: Fig.
2; IV: Fig. 1A), rat osteoblasts UMR-106 (not
shown), mouse melanoma B16 (not shown),
mouse neuroblastoma N18 and human fibro-
sarcoma HT1080 cells (not shown).
Ultrastructural in situ hybridization in C6 cells
confirmed the peripheral localization of
amphoterin mRNA (III: Fig. 4C). Moreover, local
presentation of laminin via microbeads was
efficient in localizing amphoterin mRNA as the
majority of the mRNA signal was found around
the beads, irrespectively of the position of the

beads on the surface of the cell soma or of the
growing processes (IV: Fig. 1D; unpublished
data: Fig. 6).

5.2.2. Comparison of the localization of
amphoterin mRNA and protein (IV; unpub-
lished data)

To compare the protein and the mRNA distri-
butions, in situ hybridization and immunocy-
tochemistry were performed on C6 cells grown
on laminin. The localization of the mRNA and
protein resemble each other (IV: fig. 1A).

Figure 3: Amphoterin and β-actin mRNAs colocalize at the tips of membrane processes in N18 cells and REF cells (B).
N18 cells were grown on laminin (10 µg/ml) for 3 hours. REF cells were obtained from sixteen-day-old rat embryos and
cultured for two days in DMEM medium supplemented with 10% fetal calf serum. Double-in situ hybridization was
carried out using a digoxigenin-labeled amphoterin and a biotin-labeled β-actin probe. The cells were stained with a
sheep anti-digoxigenin antibody, followed by a FITC-conjugated rabbit anti-sheep IgG to reveal the amphoterin mRNA
and a mouse anti-biotin antibody, followed by TRITC-conjugated goat anti-mouse IgG to detect the β-actin mRNA. The
fluorescence micrographs were obtained using a BioRad MRC-1024 confocal microscope. (A) shows the amphoterin
(green) and β-actin (red) mRNA in control N18 cells and (B) in REF cells. (C) shows the effect of cytochalasin D (0.5 µg/
ml, 1 hours) and (D) the effect of colcemid (0.5 µg/ml, 1 hours) on the anchoring of the messengers in N18 cells. Bars: 50
µm (A-D).
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Figure 4: Amphoterin and β-actin mRNAs localize as separate spots in N18 (A) and C6 (B) cells. The mRNAs were
visualized in cells grown on laminin (10 µg/ml) for 3h using three-dimensional digital imaging. Amphoterin (red)
and β-actin (green) mRNA spots that localize at the tip of the processes are distinct from each other (arrowheads).
Bar: 50 µm.

Moreover, the same proportion of laminin-
coated beads induced the localization of
amphoterin mRNA and protein, suggesting the
same regulatory mechanism (IV: Fig. 1C and
D). Numerous polyribosomes were detected
in the processes of C6 cells (IV: Fig. 1B).
Moreover, puromycin or cycloheximide, in-
hibitors of translation, did not have any effect
on the localization of the mRNA (IV). This
suggests strongly that translation and locali-
zation of amphoterin mRNA occur independ-
ently. Therefore, it appears reasonable that the
local mRNA is translated.

5.3. COMPARISON OF AMPHOTERIN
AND βββββ-ACTIN mRNA LOCALIZATION

5.3.1. βββββ-actin and amphoterin mRNA co-
localize in the cell processes (III; unpub-
lished data).

Studies using chicken embryo fibroblasts have
shown that the β-actin mRNA localizes close
to the leading edges in migrating cells
(Lawrence and Singer, 1986; Kislauskis et al.
1993). Since the distribution of amphoterin
mRNA in the cell types studied resembles the
leading edge distribution found for β-actin
mRNA, double in situ hybridization was car-
ried out in different cell types. The β-actin and

amphoterin mRNAs co-localize in the cell
processes of N18 (Fig. 3 A), rat embryonic
fibroblasts (Fig. 3 B) and C6 cells (III, Fig. 1,
2 and 4). Co-localization of the β-actin and
amphoterin mRNAs in the cell processes was
found in the majority of cells (Fig. 3 A-E).

5.3.2. ΑΑΑΑΑmphoterin and βββββ-actin  mRNA local-
ize to distinct granule-like structures in the
same subcellular compartments (unpublished
data)

Particles functioning as mRNA transport as-
semblies have been described (Ainger et al.,
1993). Such particles may contain all the com-
ponents needed for the transport, anchoring
and translation of the messenger. However, it
is unclear whether one transport particle could
contain more than one mRNA specie.
Amphoterin and β-actin mRNA were detected
in C6 and N18 cells by enhancing the sensi-
tivity of the detection with a tyramide com-
plex and the signals were analyzed by confocal
microscopy. Colocalization of the signals (in-
dicated by yellow spots) was only observed in
very few particles, suggesting that β-actin and
amphoterin mRNAs are sorted in different
granule-like structures in the same subcellular
compartments (Fig. 4, arrowheads).
Ribosomes were also found in these granules,
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by immunostaining with the antibodies against
the 60S ribosomal subunit (not shown).

5.3.3. Amphoterin and β-actin mRNA are
anchored and transported to the neurites
by a microfilament-dependent mechanism
(III; unpublished data)

Previous studies have shown that the β-actin
mRNA is localized to the leading edges by a
microfilament-dependent mechanism (Sundell
and Singer, 1991). In order to compare the
mechanism localizing amphoterin mRNA to

that localizing β-actin mRNA, the effects of
cytoskeleton-disrupting drugs on the distri-
bution of these mRNAs were studied.
   To study the mechanism of mRNA anchor-
ing, N18 cells grown on laminin were exposed
for different time periods to colcemid (5 µg/
ml), which depolymerizes microtubules and
induces collapse of the intermediate filaments.
Fig. 5 E shows that approximately the same
proportion (60%) of the cells contain periph-
erally localized β-actin and amphoterin mRNA
and that this proportion is not essentially
changed, even after 120 min incubation in

Figure 5: Time courses and quantification of the effects of colcemid and cytochalasin D on anchoring (A and B) and
transport (C and D) of amphoterin and β-actin mRNAs to cell periphery. (A) shows the effect of colcemid (5 µg/ml)
on cells that were grown on laminin (10 µg/ml) for 4 hours and then treated with the drug for various time periods.
The mRNAs were localized using digoxigenin-labeled probes. (B) shows the corresponding analysis of the effect of
cytochalasin D (0.5 µg/ml). To study the transport of the β-actin (C) and amphoterin (D) mRNAs, cells were plated
on laminin (10 µg/ml) and grown in the presence of colcemid (5 µg/ml), cytochalasin D (0.1 µg/ml) or without any
drugs. Every time point is an average of two independent experiments in which 2000 cells were counted (the cell
counts at each time point were within the range of 15% (A), 7% (B), 12% (C) and 5% (D)).
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colcemid for either mRNA species. The
colcemid treatment, however, changes the pat-
tern of peripheral localization since most
neurites retract during the drug treatment. In-
terestingly, both mRNAs still co-localize at the
cell periphery and are found in patches close
to the plasma membrane, as shown by double-
in situ hybridization in Fig. 3 D.
   In contrast to colcemid, cytochalasin D (0.5
µg/ml), that disrupts microfilaments, induced
a rapid displacement of both amphoterin and
β-actin mRNA from the neurites to the cell
soma. Fig. 5 F shows that both mRNAs were
displaced from the neurites at a similar rate.
Double-in situ hybridization (Fig.  3 C) showed
that in cytochalasin D-treated cells, β-actin and
amphoterin mRNA co-localize in a diffuse
pattern in the soma of cells that have retained
most of their neurites during the drug treat-
ment (Fig. 3 C; arrows). The collapse of the
different cytoskeletal components was con-
firmed by immunostaining (not shown).
   To examine the effect of the cytoskeleton-
disrupting drugs on mRNA transport, the N18
cells were plated on laminin in the absence and
presence of the drugs and grown for different
time periods. The rate of mRNA transport to
the cell periphery in the absence of the drugs
was found to be approximately the same for
β-actin (Fig. 5 G) and for amphoterin (Fig. 5
H). In the presence of colcemid, the cells were
able to spread and to transport both β-actin
mRNA (Fig. 5 G) and amphoterin mRNA (Fig.
5 H) to the cell periphery. Furthermore, the
kinetics of mRNA transport was similar to that
observed for untreated cells (Fig. 5 G-H). In
contrast, low doses of cytochalasin D (0.1 µg/
ml) inhibited laminin-induced morphological
changes and transport of the RNAs to the cell
periphery (Fig. 5 G-H). The same results were
obtained in C6 cells, when grown on laminin
(not shown).
   Association of the β-actin mRNA to the ac-
tin filaments was confirmed by electron mi-
croscopy (III: Fig.6). The detection of
amphoterin mRNA at the electron microscopic
level was difficult without a long tyramide
amplification, which gives poor ultrastructural
preservation (III).

5.3.4. Locally applied ECM proteins induce
amphoterin and β-actin mRNA localization in
a very similar manner (II and unpublished
data)

To compare the regulation of amphoterin and
β-actin mRNA localization, laminin-coated
beads were applied to C6 cells for 15 min. As
shown in Fig. 6, local presentation of laminin
was very efficient in localizing amphoterin and
β-actin mRNA as the majority of the mRNA
signal was concentrated around the beads,
irrespectively of the position of the beads on
the surface of the cell soma or of the growing
processes. Moreover, the same proportion of
beads induced the localization of both mRNAs,
suggesting a similar regulatory mechanism (Fig.
6 B). Both amphoterin and β-actin proteins are
also localized around the beads (not shown),
supporting the local mode of translation.
Furthermore, cytoskeleton-disrupting drugs
were incubated with the cells when beads were
applied. The disruption of actin filaments using
cytochalasin D (1 µg/ml) inhibited significantly
the laminin-induced localization of amphoterin
and β-actin mRNA at a very similar rate,
whereas no significant effect was observed
with colcemid (Fig. 6 B).
   HB-GAM, through its receptor N-syndecan,
can regulate the localization of β-actin mRNA
as well as the localization of amphoterin mRNA
(not shown). Interestingly, in the case of HB-
GAM, the localization of mRNA is dependent
on intact microtubules and microfilaments,
suggesting that depending on the
transmembrane signalling, mRNA might be
localized through a different cytoskeletal com-
ponent (II). Recently, tubulin was found in the
protein complex associating specifically with
N-syndecan (Kinnunen et al., 1998a), suggest-
ing that tubulin might stabilize the interaction
of N-syndecan with HB-GAM.

5.4. ROLE OF AMPHOTERIN IN CELL
MOTILITY

5.4.1. Export of amphoterin to the extracellu-
lar space from cells extending processes (IV)
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To investigate the distribution of amphoterin
in the medium and in cells, N18 cells were used
because they display a motile phenotype on
laminin-coated substrate but do not extend
processes on some other matrix proteins, like
HB-GAM (for review, see Rauvala and Peng,
1997), despite of their strong adhesion. Inter-
estingly, amphoterin is exported to the extra-
cellular space from process-extending cells,
whereas only cell binding to the matrix does
not significantly enhance extracellular locali-
zation (IV: Fig. 2A). No changes in the cellular
level of amphoterin were observed in the ex-
periments (IV: Fig. 2A).
   Although amphoterin and β-actin revealed a
similar staining at the cell periphery when
studied at the light microscopic level, a clear
difference was found in the localization at the
plasma membrane; both in living (IV: Fig. 3A)
and in permeabilized cells (IV: Fig. 3B).
Amphoterin was stained in most cells as
extracellular patches, which do not contain β-
actin, at the plasma membrane, suggesting that
the release of amphoterin is not due to
nonspecific cell damage (IV: Fig. 3A and B).
Occurrence of amphoterin at the cell surface
was also clearly visualized by immunoscanning
electron microscopy (Fig. 3D). Double
immunostaining of amphoterin and PDI
(protein disulfide isomerase), which is a soluble
ER-lumen enzyme, showed no colocalization,
suggesting that amphoterin does not enter the
classical secretory pathway (IV).

5.4.2. Inhibition of amphoterin decreases
cell migration (IV)

Amphoterin mRNA is strongly expressed in
migrating cells but is downregulated during
cell-to-cell contact formation (IV: Fig. 6).Also
the localization of amphoterin to the processes
of migrating cells suggests a role in cell motil-
ity. To investigate the possible role of
amphoterin in cell migration, specific decrease
of amphoterin mRNA and protein was
achieved by using C-5 propynylpyrimidine-2´-
deoxyphosphorothioate-modified amphoterin
antisense ODNs transfected into cells (IV: Fig.
4A and B).

   A morphological effect was observed in C6
glioma cells, into which the inhibitory
oligonucleotides (see above) had been
transfected. Most ODN-transfected cells
showed a round morphology, whereas nearly
all cells (90-100 %) extended long cytoplasmic
processes when grown for 6 h on laminin (V).
A decrease to 40% of the controls (non-
transfected cells, or cells transfected with sense
or nonsense ODNs) was observed in the
proportion of process-extending cells, when
amphoterin anti-sense ODNs were transfected
into C6 cells.
   Since these results suggested that a decrease
of amphoterin mRNA affects the migratory
response of cells, a haptotactic transfilter as-
say was used. Decrease of amphoterin expres-
sion using antisense ODNs inhibited C6 cell
migration to laminin to about 40% of control

Figure 6: Amphoterin (arrowheads in A) and β-actin
mRNA localize around laminin-coated beads in a mi-
crofilament-dependent manner. The cells were incubated
with the beads for 15 minutes. Almost 40% of the laminin-
coated beads are able to localize amphoterin as well as
β-actin mRNA (B). B shows the effects of cytochalsin D
(1 µg/ml) and colcemid (5 µg/ml). Only the disruption
of actin filaments has a significant effect on the mRNA-
localizing effect of laminin-coated beads. In B, each value
represents the mean ± S.D. calculated from 12 randomly
selected microscopy fields in 3 independent experiments.
***P<0.001 (Anova test). Bars: 50µm (A).
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values (IV: Fig 4C and D). The inhibitory effect
on cell migration correlates to the reduction of
amphoterin mRNA and protein; for example,
no effect on cell migration was observed for
the ODNs used in the culture medium (IV: Fig.
4D). Moreover, anti-amphoterin antibodies
inhibited cell migration to laminin, strongly
suggesting that amphoterin acts extracellularly
during cell migration (IV: Fig. 5).  A similar
migration inhibition was observed in other cell
types tested (N18 and HT1080) and by using
HB-GAM as a cue (unpublished data: not
shown).

5.4.3. Amphoterin mediates neurite outgrowth
through RAGE (V)

RAGE, a member of the immunoglobulin
superfamily, has been suggested to mediate the
neurite outgrowth effect of amphoterin in vitro
(Hori et al., 1995). Moreover, RAGE has been
shown to interact with AGEs and amyloid β−
peptide in cell injury mechanisms involving
cellular stress and activation of the transcrip-
tion factor NF-κB. However, it was unclear
whether RAGE acts as a signalling receptor in
a manner that requires the cytoplasmic domain
of the receptor. To investigate this, transfection
of full-length RAGE or a deletion mutant lack-
ing the cytoplasmic domain was performed in
N18 cells grown on amphoterin. Transfection
of the full-length RAGE was sufficient to spe-
cifically induce filopodia and neurites on
amphoterin substrate and to enhance NF-κB-
dependent transcription, whereas cells ex-
pressing the deletion mutant or the mock
control did not respond to amphoterin (V: Fig.
1 and 4A). In addition, RAGE-mediated neurite
outgrowth on amphoterin was shown to
depend on rac and cdc42 but not rho or ras-
MAP kinase pathway (V: Fig. 2 and 3). In
contrast, the activation of NF-κB by RAGE
required ras but not the rho family GTPase (V:
Fig. 4B), suggesting RAGE uses different
signalling pathways to induce neurite
outgrowth and to regulate gene expression
through NF-κB.

6. DISCUSSION AND CONCLU-
SIONS

6.1. HB-GAM IN CELL MIGRATION

In the nervous system, the roles for HB-GAM
in development of neuron-target contacts and
in regulation of LTP have been previously at-
tributed. However, the function of HB-GAM
outside of the brain has been poorly under-
stood. Because HB-GAM (or OSF-1) was iso-
lated from murine osteosarcoma cell line
(Tezuda et al., 1990), its possible function in
bone tissue was examined. During bone de-
velopment, HB-GAM is strongly expressed in
the cartilage matrix, onto which osteoblast pre-
cursors are recruited. Interestingly, N-syndecan
is found in cells, which show a motile pheno-
type and were identified as the motile precur-
sors of osteoblasts (I). In addition, osteoblast
cell lines, expressing abundantly N-syndecan,
migrated to HB-GAM and this migration was
inhibited by soluble N-syndecan, soluble HB-
GAM and by inhibitors of the src-family tyro-
sine kinases (I). According to these results,
HB-GAM/N-syndecan interaction appears to
mediate osteoblast migration through the same
signalling mechanism as in the migratory re-
sponse of neurons (Kinnunen et al., 1998b).
Furthermore, the upregulation of HB-GAM
and N-syndecan after bone injury and the en-
hancement of bone formation in HB-GAM
transgenic mice strongly support the idea that
osteoblast recruitment would be mediated by
HB-GAM (I).
   In conclusion, we propose a hypothetical
model in which the deposition of HB-GAM,
for example on the bone surface, induces the
recruitment of the osteoblast precursors to the
sites of bone formation. Furthermore, the
osteoblasts differentiate into fully functional,
osteoid-producing osteoblasts due to stimula-
tion stimulation by diffusible growth factors,
and finally new bone is formed. HB-GAM, like
in the case of growth cone migration along the
neuronal pathway (Kinnunen et al., 1998a),
might be a cue to target the osteoblast to the
site of bone formation.
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6.2. SORTING OF AMPHOTERIN mRNA
AND PROTEIN TO CELL PROCESSES

6.2.1. Amphoterin mRNA: a new example
of localized mRNA

Amphoterin is a highly adhesive protein that
is enriched in the processes of immature and
malignant cells (Rauvala and Pihlaskari, 1987;
Parkkinen et al., 1993). The structural charac-
teristics and the peripheral localization of
amphoterin are, however, controversial.
   During the last few years the idea has
emerged that mRNA transport to specific lo-
cations in the cell may be an important mecha-
nism in molecular sorting. The localization of
a mRNA would then allow the protein in ques-
tion to be synthesized close to the presumed
site of function. One advantage of sorting at
the mRNA level may be to avoid sorting of a
cytosolic protein that binds to various biologi-
cal membranes and might therefore disturb
normal cellular functions. This may be the ra-
tionale for sorting of myelin basic protein at
the mRNA level to the processes of
oligodendrocytes (Colman et al. 1982; Ainger
et al. 1993).
   About one third of the amino acid residues
in the amphoterin sequence are cationic (lysine
or arginine), and the protein also contains a
characteristic polyanionic tail (Merenmies et
al., 1991). These structural features appar-
ently explain, at least in part, the highly adhe-
sive nature of amphoterin (Rauvala and
Pihlaskari, 1987). These characteristics raise
the question as to how this abundant cytosolic
protein can be sorted to cellular processes, a
phenomenon observed both in vitro (Rauvala
et al., 1988; Parkkinen et al., 1993) and in
vivo (Daston and Ratner, 1991 and 1994; Hori
et al., 1995; Milev et al., 1998).
   The present results (II, III and IV) demon-
strate that amphoterin mRNA provides a strik-
ing example of messenger localization to
neurites and other forms of cytoplasmic pro-
cesses. It therefore appears that, as in the case
of myelin basic protein, the sorting problem
of amphoterin to cellular processes has been
resolved by sorting its mRNA.

6.2.2. Is amphoterin locally translated?

The localization of amphoterin protein and
mRNA correspond to each other (see IV: Fig.
1A). Furthermore, the localization of the
amphoterin protein is tightly connected to the
localization of the mRNA, as shown by ex-
periments with the laminin-coated beads (IV:
Fig. 1C and D). These results suggest that the
mRNA is locally translated. The occurrence
of ribosomes in the processes of the cells is
compatible with a local mode of translation
(IV).
   Since amphoterin is the major component in
the HMG1 of tissues and cells (Merenmies et
al., 1991; Parkkinen et al., 1993) and contains
polycationic HMG boxes suggested to medi-
ate DNA binding (Landsman and Bustin,
1993), it may have a functional role in the cell
nucleus. Since injection of labelled HMG1 into
the cell soma results in rapid nuclear uptake,
HMG1 and related proteins are suggested to
be effectively transported from the cytosol into
the nucleus (Rechsteiner and Kuehl, 1979; Wu
et al., 1981; Landsman and Bustin, 1993). Pre-
vious studies on the distribution of the endog-
enous protein in vitro (Rauvala et al., 1988;
Merenmies et al., 1991) and in vivo (Daston
and Ratner, 1991; Hori et al., 1995; Milev et
al., 1998; Nair et al., 1998) have, however,
indicated a peripheral, non-nuclear distribu-
tion. This suggests that the endogenous sort-
ing system is somehow able to bypass the trans-
port mechanism that conveys polycationic pro-
teins into the nuclei. The present results there-
fore suggest that this bypass occurs at the
mRNA level, and that the protein remains close
to its site of synthesis in the cell periphery.

6.2.3. Is the local translation of amphoterin
the key of its export to the extracellular
space?

Amphoterin has been implicated in several
phenomena like neurite outgrowth, neuron-glia
interactions, in early phases of cell differen-
tiation and in endotoxemia (Rauvala and
Pihlaskari, 1987; Rauvala et al., 1988; Daston
and Ratner, 1991; Hori et al., 1995; Melloni
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et al., 1995a; Wang et al., 1999). Since
amphoterin lacks a classic-type secretion sig-
nal, the mechanism of its extracellular localiza-
tion is not well understood. In the present
study, amphoterin was detected as patches at
the cell surface, that do not contain β-actin
(IV). Furthermore, accumulation of amphoterin
to the extracellular space accompanies process
extension due to laminin but is much lower in
cells that only bind to the cell matrix without
extending processes. Interestingly, the extra-
cellular export during process extension corre-
lates with the laminin-induced localization of
the mRNA. Unfortunately, extracellular
amphoterin has not been observed around the
beads due to the bead invagination into the
cells after 30 min incubation. However, western
blotting showed that the level of amphoterin
in the cell lysate does not change in cells grown
on laminin or HB-GAM; only the extracellular
level of the protein is dependent on matrix
interactions that enhance process outgrowth.
Taken together, we speculate that the laminin-
induced localization of the mRNA and the
consequent local translation of amphoterin fa-
cilitate the extracellular export.
   Monoclonal anti-amphoterin antibodies have
been used to show an effective transport to the
cell surface under conditions that do not in-
volve cell damage, and appear to depend on
protein kinase C and influx of calcium ions
into the cell (Sparatore et al. 1996; Passalacqua
et al. 1997; Passalacqua et al. 1998). Very re-
cently, cytokines such as TNF and IL-1 were
shown to induce extracellular export of
amphoterin both in vitro and in vivo (Wang et
al., 1999). As shown in the present study (IV),
cell-matrix contact is also able to enhance ex-
tracellular export of amphoterin. It is conceiv-
able that local synthesis of amphoterin close
to the plasma membrane would facilitate ex-
tracellular export. It would be interesting to
learn, whether mRNAs of other proteins lack-
ing a secretion signal but having apparent ex-
tracellular roles would also be targeted close
to the plasma membrane.

6.3. AMPHOTERIN IN CELL MIGRA-
TION

6.3.1. Amphoterin is required for cell mo-
tility

Amphoterin is a ubiquitous protein, but its ex-
pression levels are downregulated during cell
and tissue differentiation (Rauvala and
Pihlaskari, 1987; Parkkinen et al., 1993). The
expression level of amphoterin is very high in
transformed cell types as compared to their
non-transformed counterparts (Parkkinen et al.,
1993). Therefore, the high expression of
amphoterin in malignant cells may be an im-
portant factor in the regulation of cell motility
during tumor invasion. For this purpose, the
effects of a specific decrease in the level of
amphoterin expression in cells by using a re-
cently described modification of
oligonucleotides (Wagner et al., 1993) was
tested in cell migration assay. When transfected
into several cell types, the antisense
oligonucleotides reduce the amount of
amphoterin mRNA to a similar level that is
observed during cell density-dependent
downregulation of amphoterin expression. The
antisense treatment indeed inhibits migration
of various cell types, as is demonstrated in a
haptotactic transfilter assay, whereas all the
controls used in this study did not have a sig-
nificant effect on migration (IV). In addition,
anti-amphoterin antibodies added in the me-
dium significantly reduced cell migration
(IV), suggesting a role for extracellular
amphoterin in cell motility. Taken together,
the present results strongly argue for a regu-
latory role of amphoterin in cell migration.
Because of its ubiquitous expression,
amphoterin might act as an autocrine regula-
tor of migration in many cell types.

6.3.2. Does RAGE act as the signalling
receptor of amphoterin in cell migration?

RAGE (receptor of advanced glycation end
products), an immunoglobulin superfamily
member with closest homology to N-CAM
(neural cell adhesion molecule), has been re-
cently shown to bind amphoterin (Hori et al.,
1995). RAGE is the receptor for the advanced
glycation end products (AGEs) that accumu-
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late in diabetes and during senescence, and it
is also suggested to act as a receptor of the β-
amyloid (Aβ) peptide in the neurodegenerative
mechanism of Alzheimer´s disease (Yan et al.,
1996), as well as that of EN-RAGE, a mem-
ber of the S100/calgranulin family, in chronic
inflammation (Hofmann et al., 1999). Since
RAGE is already expressed during embryonic
development, physiological RAGE ligands
have been searched from tissue extracts, which
has resulted in the isolation of amphoterin as a
ligand that binds to the ectodomain of RAGE
(Hori et al., 1995). Intriguingly, amphoterin
competes with AGEs, Aβ and EN-RAGE for
binding to the RAGE ectodomain (Hofmann
et al., 1999). Interestingly, S100 proteins also
lack a classic secretion signal. It would be of
interest to know whether their mRNAs local-
ize close to the plasma membrane.
   The soluble ectodomain of RAGE has been
shown to inhibit neurite outgrowth on
amphoterin matrix (Hori et al., 1995). Further,
the present study (V) shows that transfection
of cells with full-length RAGE, but not the
cytosolic domain-deleted RAGE, strongly en-
hances extension of filopodia and neurites in
cells grown on matrix coated with recombinant
amphoterin. The amphoterin/RAGE-mediated
process extension depends on the Rho-family
GTPases Cdc42 and Rac1, but not on RhoA
or Ras. The amphoterin/RAGE/GTPase path-
way thus provides one mechanistic explana-
tion for the role of amphoterin in cell migra-
tion. It is also noteworthy that amphoterin
binds to cell surface proteoglycans (Salmivirta
et al. 1992; Milev et al., 1998) and
sulfoglycolipids (Nair et al., 1998) that may
have a role in amphoterin-induced cell migra-
tion.
   The ligation of RAGE with Aβ and AGEs is
suggested to generate the cellular oxidant stress
that activates the ras-MAP kinase pathway
leading to the activation of NF-κB, but it has
not been directly demonstrated whether RAGE
is the signalling receptor. The present study
(V) shows that activation of NF-κB requires
the cytoplasmic domain of RAGE and the ras
pathways but not the rho family GTPases. In
conclusion, RAGE may activate two different

signalling pathways that in turn result in NF-
κB activation or cytoskeletal reorganization
during cell migration.

6.4. IS mRNA LOCALIZATION IN-
VOLVED IN CELL MIGRATION?

6.4.1. Mechanisms that localize amphoterin
and β-actin mRNAs

The localization of β-actin that is implicated
in cell motility, becomes more peripheral dur-
ing cell spreading and migration and less so
during cell confluency and differentiation, both
at the mRNA and protein levels (Singer et al.,
1989; Kislauskis et al., 1993, Hill et al.,
1993). The distribution of amphoterin mRNA
at the leading edges of motile cells resem-
bles the localization of β-actin mRNA. Dou-
ble-in situ hybridization confirmed the co-
localization of the β-actin and amphoterin
mRNAs in the cell processes (II, III and IV).
   The similarities found in the distribution of
the β-actin and amphoterin mRNA, suggest a
common mechanism for the localization of the
two messengers. It is conceivable that proteins
involved in process extension might use the
same cytoskeleton-dependent transport mecha-
nism to the cytoplasmic processes. Experi-
ments using cytoskeleton-disrupting drugs
clearly suggest that this indeed is the case.
Localization of the β-actin mRNA has been
previously shown to depend on microfilaments
(Sundell and Singer, 1991). As was shown in
the present study, both the anchoring and the
transport of amphoterin mRNA also depend
on microfilaments. Furthermore, the rates of
transport into and dissociation from the cell
processes are similar for the β-actin and
amphoterin mRNAs (Fig. 5). In addition, the
mRNAs still co-localize in drug-treated cells.
These findings clearly argue for a common
pathway of mRNA transport and anchoring in
the cases of both β-actin and amphoterin.
   The interaction of amphoterin and β-actin
mRNA with microfilaments is not a unique
example: vimentin and tubulin mRNA also
interact with microfilaments (Singer et al., 1989).
A major proportion of polyadenylated mRNA
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is associated with microfilaments (Taneja et
al., 1992) in fibroblasts while in neurons,
microtubules provide the major framework for
polyadenylated mRNA transport and/or
anchoring (Bassell et al., 1994b). However, in
the case where the localization pathway for a
particular mRNA, like amphoterin and β-actin,
overlaps, we might expect to find overlap in
the localization signals as well. β-actin
localization signal was shown to be in the
3´UTR part of the messenger (Kislauskis et al.,
1994). This signal is composed of two regions
called zipcodes, the first 54 nt of the 3´UTR
part and a homologous but less active 43 nt
segment within the 3´UTR. Comparison with
the β-actin zipcode sequence revealed 60%
homology within the 3´UTR sequence of
amphoterin but not in its 5´region as is the
case of β-actin (Fig. 7) (Kislauskis et al., 1993).
However, further studies to determine the
amphoterin zipcodes are required to confirm a
common localization signal. Perhaps other
parameters, like secondary or even tertiary
structures, of the 3´UTR should be considered.
It is also noteworthy that amphoterin/HMG1
contains a long and variable 3´UTR
(Merenmies et al., 1991, Ferrari et al., 1994), the
functions of which should be further
characterized.
   Particles functioning as transport assemblies
have been recently described (Ainger et al.,
1993). Such particles may contain all the com-
ponents needed for the transport, anchoring
and translation of the messenger. Until now, it
has been unclear whether these granules con-

tain one mRNA species or several different
mRNAs. The present study demonstrates that,
in the case of amphoterin and β-actin, both
mRNAs are mainly transported in different
granules, despite the similarities in the trans-
port and anchoring mechanisms (Fig. 4).

6.4.2. Localization of amphoterin and βββββ-
actin mRNAs is directly coupled to trans-
membrane signalling involved in cell migra-
tion

The mechanism of migration involves a com-
bination of different phenomena, which are
controlled by extracellular signals. Previous
studies have shown that extracellular stimuli,
like growth factors, are required for the locali-
zation of mRNAs (see review of the litera-
ture, p. 14). Until now, no direct links between
cell environment and mRNA localization have
been demonstrated. However, it is reasonable
to assume that extracellular stimuli might regu-
late both spatially and temporally the locali-
zation of mRNAs. In the case of amphoterin
and β-actin mRNAs, stimuli influencing cell
migration should specifically induce the locali-
zation of the mRNAs, independently of proc-
ess extension or the growth stage of the cell.
To test the requirement of extracellular fac-
tors on the distribution of amphoterin and β-
actin mRNA irrespectively of the growing
processes, HB-GAM was applied locally via
microbeads on the C6 or osteoblastic cells.
Accumulation of the amphoterin and β-actin
messengers around the beads both in the cell

Figure 7: Comparison of the chicken β-actin zipcode sequence with amphoterin, rat and human β-actin sequences
using the GCG (Genetic Computer Group software) program bestfit in order to find the optimal alignment. The
underlined regions show the 2 motifs AATGC and GGACT of the chicken actin defined as fine structure of the
zipcode. The AATGC motif has been shown to be more active than the GGACT motif. In the rat and human actins,
AATGC, described above, is represented as AACTTGC. Comparison between rat ß-actin and rat amphoterin shows a
high homology in the 3´region of the zipcode where the ‘AATGC´is present.



39

soma and the processes indicates that HB-
GAM is able to regulate the mRNA localiza-
tion independently on the process growth (II).
This result shows that amphoterin and β-ac-
tin mRNA localizations are tightly connected
to the mechanisms involved in cell migration.
    In addition to HB-GAM, other extracellu-
lar matrix proteins, like laminin and
fibronectin, are able to regulate the localiza-
tion of both mRNAs in C6 cells. However solu-
ble heparin or heparitinase have no significant
effects on the mRNA-localizing activity of
laminin, although they strongly inhibit the ef-
fect of HB-GAM. It is therefore likely that
these extracellular components act through
different transmembrane components. Laminin
and fibronectin might act through integrin
receptors. Very recently, Chicurel and col-
leagues have shown that integrins regulate the
localization of mRNAs, by using a similar
method (Chicurel et al., 1998). In contrast, HB-
GAM appears to act through N-syndecan. The
finding that soluble N-syndecan and
heparitinase treatment inhibit the mRNA-lo-
calizing activity of HB-GAM supports this
inference. In addition, the mRNA-localizing
activity of N-syndecan is also suggested by the
finding that affinity-purified anti-N-syndecan
antibodies applied via microbeads are able to
localize β-actin mRNA (II).
   The binding of HB-GAM to N-syndecan in-
creases the phosphorylation of c-src and
cortactin, suggesting that N-syndecan acts as
an HB-GAM receptor by modulating the cy-
toskeleton via the src kinase/cortactin pathway
(Kinnunen et al., 1998b). Like in the neurite
outgrowth-promoting effect of HB-GAM
(Kinnunen et al., 1998b), the mRNA-localiz-
ing activity was also significantly inhibited by
PP1, a specific inhibitor of src-family kinases.
The induction of src-family kinase activity by
HB-GAM via N-syndecan might lead to phos-
phorylation of proteins required for the locali-
zation of β-actin. Ross et al., have recently iso-
lated a complex of proteins responsible for the
localization of β-actin mRNA (Ross et al.,
1997). Some of them possess putative phos-
phorylation sites. It would be of great interest
to elucidate whether the same proteins are

also involved in amphoterin mRNA localiza-
tion.
  In conclusion, this study shows, for the first
time, that a local cue of a cell matrix-associ-
ated protein is able to control the localization
of motility-associated mRNAs, like β-actin
and amphoterin. Therefore, local protein
translation in response to a local extracellu-
lar cue may be an important mechanism in
enhancing and guiding the migratory re-
sponses of cells.

6.5. HYPOTHETICAL MODEL FOR THE
REGULATION OF CELL MIGRATION
BY AMPHOTERIN AND HB-GAM DUR-
ING NORMAL DEVELOPMENT AND IN
PATHOLOGY

6.5.1. HB-GAM as a target-derived cue and
amphoterin as an autocrine/paracrine regu-
lator of cell migration

According to the present study, when stimu-
lated by an extracellular migratory signal, like
HB-GAM, cells start to target amphoterin to
the processes at the mRNA level. This results
in the local translation of amphoterin close
to the plasma membrane. Amphoterin is then
released to the extracellular space where it
interacts with the RAGE protein and sulfated
glycan epitopes in proteoglycans and
glycolipids, which may enhance invasive
process extension in cells. During motile
phenomena amphoterin may be released by
the migrating cell itself (“autocrine mecha-
nism”) or by the neighboring cell (“paracrine
mechanism”). It is also noteworthy that
amphoterin binds both plasminogen and t-PA
(tissue-type plasminogen activator), which
results in degradation of amphoterin and
strong enhancement of proteolytic activity
(Parkkinen and Rauvala, 1991; Parkkinen et
al., 1993), which may facilitate cell invasion
during normal development and metastasis.
The RAGE-mediated effect on process ex-
tension would be thereby terminated by deg-
radation of amphoterin by plasmin. The
amphoterin/RAGE-mediated effect on proc-
ess extension would thus be transient, as ex-
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pected during cell motility, and would be cou-
pled to proteolytic activation enhancing pen-
etration of a process into a tissue (Fig. 8).

6.5.2. Implications of HB-GAM and
amphoterin during development and in
pathology

HB-GAM has been implicated in many devel-
opmental processes in the nervous system, in-
cluding neuronal migration, neurite outgrowth,
axonal guidance and synaptogenesis (Rauvala
and Peng, 1997; Lauri et al., 1998) In addi-
tion, HB-GAM has been shown to participate
in the mechanism of LTP (long term
potentiation; Lauri et al., 1998). Mechanisms
of synaptic plasticity, like LTP, are thought to
involve reorganization of neuronal connec-
tions, mimicking the neurite outgrowth proc-
ess (Constantine-Paton and Cline, 1998).
Whether the role of HB-GAM in LTP and also
in synaptogenesis is related to its mRNA-lo-
calizing activity is an interesting notion that
warrants further investigations. It is reason-
able that the local synthesis of cytoskeletal
structures in synaptic areas might be an effi-
cient way to reorganize neural connections
during stabilization of LTP.
   The present findings attribute to HB-GAM
a role in bone formation, maintenance and re-
pair. However, the knockout mice show no
major development defects, indicating that
HB-GAM is not essential for bone develop-
ment (Hienola, Imai and Rauvala, unpublished
data). HB-GAM shares 50 % homology with
midkine; these proteins thus constitute a fam-
ily of 2 members. However, HB-GAM and
midkine sequences contain 2 domains, which
show significant homology with the
thrombospondin type 1 (TSR) repeats in F-
spondin (Kilpeläinen et al., 2000). F-spondin
has been implicated in axonal guidance in the
floor plate (Klar et al., 1992). TSR repeats are
found in several other extracellular matrix and
cell surface proteins  (Kilpeläinen et al, 2000).
This suggests that the lack of HB-GAM might
be compensated by other proteins. However,
it would be of interest to test whether in bone
maintenance and repair, the lack of HB-GAM

is compensated.
   Recently, Watanabe and colleagues showed
for the first time a correlation between an
mRNA sorting abnormality with a mamma-
lian disease. They observed that osteoblasts
from the skeletal mutation toothless, an os-
teopetrotic mutation in rat, fail to sort β-ac-
tin mRNA to the cell processes and γ-actin
to the perinuclear regions, whereas in nor-
mal osteoblasts, these mRNA´s localize
(Watanabe et al., 1998). The mutant
osteoblasts show a lack of long stress fibers
seen in the normal osteoblasts. However,
treatment with CSF-1 (colony stimulating fac-
tor 1), a growth factor whose receptor, c-fms,
is a tyrosine kinase, restores the stress fibers
in mutant osteoblats. Therefore, they
hypothetize that the primary genetic lesion
in toothless rats results in interruption of a
signalling pathway that is critical for the
proper sorting of actin mRNAs. Because HB-
GAM is involved in the recruitment of
osteoblasts and bone formation, it would be
of interest to see whether HB-GAM and its
mRNA-localizing activity may rescue the mu-
tation.

Amphoterin is highly expressed during devel-
opment and in transformed cells in compari-
son to their normal counterparts. Roles in neu-
rite outgrowth, cell differentiation, neural-glial
interaction and endotoxemia have been attrib-
uted for amphoterin. The present findings show
that amphoterin regulates cell migration. In
addition, amphoterin interacts directly with
plasminogen and tissue type plasminogen ac-
tivator (tPA), which enhances plasmin genera-
tion at the cell surface (Parkkinen et al., 1991).
Because of its high expression during embry-
onic development, amphoterin may regulate
developmental phenomena, such as the inva-
sive phenotype of migrating growth cones
during the development of neuronal connec-
tions.
   In addition, the regulation of cell migration
by amphoterin should be of interest in the in-
vasive behavior of tumor cells. Indeed, the
ability of malignant cells to infiltrate struc-
tures that are adjacent to or distant from the
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Figure 8: (A) A model for
the HB-GAM/N-syndecan
interaction in cell migration.
HB-GAM/N-syndecan in-
teraction activates the
cortactin/src-kinase signal-
ling pathway that is respon-
sible for cytoskeletal reorga-
nization required during cell
migration (left panel). The
mRNA-localizing activity of
the HB-GAM/N-syndecan
interaction is one angle in the
cell motility control. (B)  A
hypothesis explaining the
functional role of amphoterin
in a motile cell.  Amphoterin
mRNA is transported along
the microfilaments to the cell
periphery, where the protein
is translated and exported to
the extracellular space. Due
to its highly adhesive nature
that may be caused by the
poly-cationic and
polyanionic regions,
amphoterin binds to cell ma-
trices and surfaces, facilitat-
ing transient binding of the
cell process to the surround-
ing tissue during migration.
Amphoterin mediates pro-
cess extension via RAGE/
GTPase pathway during nor-
mal development and/or re-
generation after injury. The figure depicts an autocrine-type interaction, but amphoterin may also be derived from neighboring cells. The amphoterin-mediated cell surface effect is coupled to
proteolytic activation since amphoterin binds both plasminogen and a tissue-type plasminogen activator enhancing the generation of active enzyme. The generation of local proteolytic
activity, due to the ternary complex of amphoterin/t-PA/plasminogen, hydrolyzes amphoterin and facilitates further extension of a process into a tissue.
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primary tumor site is an important determi-
nant of the prognosis of tumors. Infiltrative
behavior requires migration and invasion,
which in addition to locomotion involves pro-
teolytic activities to degrade the extracellu-

lar matrix. Therefore, amphoterin is an ideal
candidate to enhance tumor invasion. How-
ever, the role of amphoterin in metastasis
should be carefully examined in an in vivo
model.
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