[Cell Adhesion & Migration 3:1, 53-63; January/February/March 2009]; ©2009 Landes Bioscience

Special Focus: Molecular and Cellular Events Controlling Neuronal and Brain Function

and Dysfunction

The mouse F3/contactin glycoprotein

Structural features, functional properties and developmental significance of its regulated expression

Antonella Bizzoca, Patrizia Corsi and Gianfranco Gennarini*

Department of Pharmacology and Human Physiology; Medical School; University of Bari;

Bari, ltaly

Abbreviation: CASPR, Contactin associated protein; FNIII, fibronectin type III; GC, granule cells; GPI, glycosylphosphatidylinositol; Ig,

immunoglobulin; IgSE, immunoglobulin superfamily; Kbp, kilobases

pair; NCAM, neural cell adhesion molecule; NgCAM, neuron-glia

cell-adhesion molecule; NrCAM, neuron-glia-related cell-adhesion molecule; PC, purkinje cells; RPTP B, receptor protein tyrosine phos-
phatase beta; TAG-1, transient axonal glycoprotein; BIG-1, brain-derived, immunoglobulin superfamily molecule-1; BIG-2, brain-derived,
immunoglobulin superfamily molecule-2; CNTN, contactin; VZ, ventricular zone

Key words: F3/contactin, TAG-1, axonal glycoproteins, notch pathway, gene regulation, cerebellum, neural development

F3/Contactin is an immunoglobulin superfamily component
expressed in the nervous tissue of several species. Here we focus on
the structural and functional properties of its mouse relative, on
the mechanisms driving its regulated expression and on its devel-
opmental role. F3/Contactin is differentially expressed in distinct
populations of central and peripheral neurons and in some non-
neuronal cells. Accordingly, the regulatory region of the underlying
gene includes promoter elements undergoing differential activa-
tion, associated with an intricate splicing profile, indicating that
transcriptional and posttranscriptional mechanisms contribute to
its expression. Transgenic models allowed to follow F3/Contactin
promoter activation in vivo and to modify F3/Contactin gene
expression under a heterologous promoter, which resulted in
morphological and functional phenotypes. Besides axonal growth
and pathfinding, these concerned earlier events, including precursor
proliferation and commitment. This wide role in neural ontogenesis
is consistent with the recognized interaction of F3/Contactin with
developmental control genes belonging to the Notch pathway.

Introduction

Opver the past several years a large body of evidences supported the
original assumption that interactions mediated by neuronal surface
glycoproteins exert a complex control in different aspects of neural
development, including precursor commitment and differentiation,
axonal growth and pathfinding,!? establishment/remodelling of
synaptic connections and synaptic function.*” Most of these events

imply the activation of signalling pathways®1? and in addition
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several reports indicate a direct involvement of adhesive glycopro-
teins in neuronal function.!!-1”

Neural adhesive glycoproteins belonging to different gene families
may be involved in the above events, including cadherins, integrins,
netrins, slits, ephrins, semaphorins and immunoglobulin superfamily
(IgSF) components.!-3%10:1819 Tn particular, axonal Ig superfamily
glycoproteins display peculiar structural features in that they are built
of both immunoglobulin type C2 and Fibronectin type III domains
(Ig/FNII molecules).?’ Association of such domains is justified by
their similar overall structure, which includes two beta sheets stabi-
lized, in IgC2, by an intra-chain disulphide bridge.?!2

Depending upon their mode of membrane association, Ig/FNIII
molecules may be classified into two groups, including either
transmembrane or glycosylphosphatidylinositol (GPI)-anchored
molecules. Members of the former include well-known adhesion
receptors as L1/NgCAM,? NrCAM?4 and Neurofascin,?® while a
GPI anchor was demonstrated for F3/Contactin?®?8 and for the
Transient Axonal Glycoprotein TAG-1.%°

Functionally, the evidence that axonal adhesive glycoproteins play
a complex role in axonal growth was originally obtained through the
use of in vitro models, demonstrating their ability to modulate axonal
elongation in primary cultures.?$30-33 This was deduced by the
inhibitory effects on axonal elongation of antibodies directed against

34-37

specific functional domains, but also by the positive effects on

the same event exerted by the purified molecules or by monolayers of
transfected cells, used as a primary cultures substrates.?8-38-42

The extensive use of the above in vitro approaches, together with
in vivo transgenic models, demonstrated that structurally different
adhesive glycoproteins may exert similar regulatory roles on neurite
elongation and regeneration.>1%18:4344 Syuch a redundancy may be
justified by the evidence of complex multimolecular cis-associations
or trans-interactions among these molecules, which may be necessary
for their activity to be exerted.#5->2
Formation of complexes among adhesive glycoproteins requires

that expression of their genes is coordinated at the cellular and
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Figure 1. Structure of mouse F3/Contactin and relationships to further Ig superfamily components. (A) F3/Contactin molecule is built by the association of
Immunoglobulin type C2 domains, located in its N-terminal half (Ig Type C2), with Fibronectin type Il domains (FN Type lll), which map to the premembrane
region. Attachment fo the neuronal membrane is mediated by a glycosylphosphatidylinositol-containing lipid tail (GPI). (B) Phylogram comparing different
GPl-anchored components of the IgC2/FNIIl family.’4? Note that all mammalian members of the F3/Contactin family are close to each other, lower score
being oberved with chick and fish and, mostly, with Drosophila orthologs. As for the other components of the same family, highest scores were found with
both mouse and human TAG-1, while Big-1 and Big-2, NB2 and NB3 were more evolutionary distant.

tissue levels during specific developmental steps, indicating that the
underlying regulatory mechanisms are themselves provided with
relevant developmental significance. Coordinated regulation of
axonal glycoprotein expression may therefore represent a prerequisite
for their involvement in morphogenetic events typical of distinct
developmental steps. In this respect, while the primary role of such
molecules was supposed to be the control of neurite elongation
and pathfinding, several reports indicate that in fact some of them
may mediate earlier events, related to neuronal commitment/early

differentiation®3->°
57,58

or later ones as development of glia,56 regen-

myelination>%-¢!

eration, and synaptogenesis.*®% The arising
corollary is therefore that the articulated role of these molecules may
be closely dependent upon the specific times and sites of activation
of the underlying genes.

In this context, an emerging evidence is that the complex onto-
genetic function of these molecules may imply interaction with
developmental control genes, a situation recently demonstrated for
the F3/Contactin and NB3 axonal glycoproteins, whose ability to
activate the Notch pathway has been reported.®3:¢4

In this review the above topics will be addressed by using the F3/

Contactin glycoprotein as a molecular model.

The F3/Contactin Glycoprotein

Originally described as an immunoglobulin superfamily compo-
nent expressed at the neuronal and in particular at the axonal
levels,2627 F3/Contactin is known to mediate distinct functions of
neuronal or glial cells, including cell adhesion and axonal growth
both in the peripheral and central nervous tissues,?33%:95:60 but also
oligodendrocyte differentiation and myelination,%? indicating that
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F3/Contactin-dependent adhesion is provided with a wide develop-
mental function.

Structural properties. F3/Contactin was originally identified
as a main protein component expressed at the surface of primary
neurons.® At the same time, the demonstration was achieved that
the molecule was also released in the culture medium, which allowed
its isolation and the generation of rabbit antibodies. The focus on
this protein was originally justified by the demonstration that its
sugar moiety included the L2/HNK-1 carbohydrate epitope, shared
by several neural adhesive glycoproteins, of which it was supposed to
represent a marker.®” Indeed, several evidences indicate that a quite
important component of F3/Contactin is represented by its carbo-
hydrate chains, as N-glycosidase treatment induced an about 15%
shift in molecular weight, consistent with the evidence of several
consensus for N-linked glycosylation along its sequence.?’

cDNA cloning revealed that F3/Contactin belongs to the immu-
noglobulin supergene family as its N-terminal half includes 6
immunoglobulin domains of the C2 type (IgC2), displaying a
high level of internal homology. In addition, 4 Fibronectin type III
repeats (FNIII) map to the pre-membrane region and hydrophobic
sequences are located at both the N- and C-termini.?” Of these, the
former corresponds to a typical signal peptide, shared by membrane
and secreted glycoproteins, while the latter is a typical feature of
GPI-anchored molecules as it plays a relevant role in the membrane-
anchoring mechanism (Fig. 1A).

The use of cDNA probes revealed that F3/Contactin is encoded
by a single-copy gene, mapping to band F of chromosome 15 in

27

the mouse®’ and to chromosome 12 in the human genome.68 The

F3/Contactin gene is transcribed into a unique mRNA, whose size
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Figure 2. F3/Contactin expression profile. The F3/Contactin expression is shown in post-
natal day 8 cerebellum (A), in newborn mice cerebral cortex, including the ventricular

the neuronal surface, its subcellular localization is sharply
modified upon differentiation, with a progressive loss
from the cell bodies, concomitant with an axonal accumu-
lation?” so that, in the differentiated nervous tissue, F3/
Contactin may be considered as a fibre tract component.

This peculiar subcellular distribution may be of func-
tional relevance as it allows the molecule to be targeted to
specific axonal domains as the nodal/paranodal regions at
the times when contacts between axons and myelinating
cells are formed and stabilized. On the other hand, given
the inhibitory effects of F3/Contactin on axonal growth
from central neurons,®>% its downregulation on the
cell bodies may be significant for allowing extensions of
axonal trajectories in critical developmental periods. In
this context, a relevant feature is the concomitant expres-
sion on differentiating neurons of the transient axonal
glycoprotein TAG-1,%5 whose role in counteracting the
inhibiting effects of F3/Contactin on axonal growth®¢ and
whose positive effects on axonal and growth cone develop-
ment have been demonstrated.?”-88

Together, the above data on F3/Contactin/TAG-1
expression profiles should be considered of pivotal func-
tional relevance, suggesting that coordinated expression

zone (VZ) (B) and cortical layers I-lll (C). Expression in postnatal day 8 hippocampus — of axonal molecules bearing similar general organization
is also reported (D). egl: external granular layer; igl: inner granular layer; PC: Purkinie  and involved in similar functions during definite devel-
cells layer. HHII refer to the corresponding cortical layers. Scale bars: (A and D) = 200 opmental steps may be relevant for neural plasticity.

um; (B and C) = 40 um.

accounts to 6.3 Kbp,?” which, however, undergoes some variability
in its 5" untranslated region, depending upon the existence of a
complex splicing mechanism within the 5' flanking region.®7!

The above overall organization is shared by further axonal Ig
superfamily components, which display a relatively high level of
homology to F3/Contactin. Indeed, an about 30% similarity in the
aminoacid sequence was found with the transmembrane glycopro-
tein L1,23 while a 50% similarity was found with the GPI-anchored
Transient Axonal Glycoprotein TAG-1.2 In addition, F3/Contactin
belongs to a cluster of structurally related axonal glycoproteins,
which may be co-expressed at the neuronal and, in particular, at
the axonal surfaces which, besides TAG-1 (CNTN-2), also include
BIG-1 (CNTN3),”? BIG-2 (CNTN4),”> NB-2 (CNTN5)74 and
NB3 (CNTNG6)”> (Fig. 1B). These molecules, undergo differential
expression, suggesting that the corresponding profiles may be strictly
related to their functional and developmental roles.”®

Some of these molecules are also highly conserved across species,
as shown for F3/Contactin, found in highly related forms in
mouse, 2628 chick,”” human,®8 Cow,”8 but also in lower vertebrates
7980 and in invertebrates as in Drosophila®!-32 (Fig. 1B).
In addition related molecular species have been recently demon-
strated in the nervous tissue of the terrestrial snail Helix Pomatia.3384
Together, these data support a highly conserved role for these mole-

as in fishes

cules along phylogenesis.

Expression profile. A complex profile of F3/Contactin expression
occurs during nervous tissue development at both the tissue and
cellular levels. Originally, F3/Contactin was considered as a neuro-
specific glycoprotein, no expression being demonstrated outside the
nervous tissue. Although this molecule is widely distributed over
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Accordingly, this lends supports to the general hypothesis

that the mechanisms which drive regulated expression of
the underlying genes are themselves provided with functional and
developmental relevance.%

The above aspects of F3/Contactin functional role will be
discussed, by taking as a reference its expression profile within
different neural structures.

Cell type specificity of the F3/contactin gene in the cerebellum.
In the cerebellum, high levels of F3/Contactin expression are
observed, shown at postnatal day 8 in Figure 2A. During devel-
opment, the molecule undergoes sharp changes in its cellular
distribution, concomitant with neuronal differentiation.?”:¢68% In
particular, while silent on proliferating precursors, the F3/Contactin
gene is activated on precursors which leave the external granular
layer, contact the flanking Bergmann glia and begin to migrate.
This profile suggests that the molecule modulates events related to
cell cycle exit and initial neuronal precursor migration, besides than
axonal elongation.

In addition, during granule cell migration, F3/Contactin expres-
sion undergoes changes in its cellular distribution, as it is progressively
lost from the cell bodies to become concentrated on axonal extensions
within the molecular layer.3? Ultrastructural studies also provided
evidence that the molecule maps at the synaptic level, where it may
represent a component of the molecular machinery, which links the
presynaptic to the postsynaptic compartments.”®

The above timing of the F3/Contactin gene activation and in
particular its differential expression within cell bodies/processes
may correlate with distinct developmental events. Early expression
on the perikaria may modulate the ability of neuronal precursors to
interact with flanking glia, which may be relevant for their migra-
tory movements.”! On the other hand, subsequent expression on
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axonal extensions may modulate axonal growth and pathfinding, as
demonstrated by the changes in parallel fibres orientation, axonal
maturation and myelination, which occur in F3/Contactin null
mutant mice.”?

During cerebellar development, F3/Contactin gene undergoes
differential cell type-specific activation in granule (GC) versus
Purkinje neurons (PC). In GC bodies, F3/Contactin is predominant
in earlier stages, mostly at the birth and within the first postnatal
week. By contrast, on PC it begins to be expressed at around post-
natal day 3, a peak being artained at around postnatal day 8.8 The
F3/Contactin gene is then downregulated on both neuronal popula-
tions. Sharper effects, however, are observed on PC, while on GC
relatively low expression is maintained until adulthood, indicating
that in these cells it may exert a functional role, which may go behind
its described developmental function.

This profile suggests that F3/Contactin gene activation under-
goes differential regulation on GC versus PC. Earlier expression
on the former likely depends upon the endogenous developmental
program,”® while activation on PC most likely implies interaction
of these neurons with flanking structures, mostly migrating granule
cells and ingrowing climbing fibres. Therefore, on PC, F3/Contactin
gene expression is likely to imply trans-synaptic regulation at the
sites of cell-to-cell contacts, as shown for further CAMs expressed
at the synaptic level.”* These two mechanisms may be differentially
activated in critical developmental periods, with the former being
responsible for the earlier F3/Contactin developmental profile,
expression in later development rather relying on cell interactions.

F3/contactin expression in developing cerebral cortex. As in the
cerebellum, F3/Contactin expression is also regulated in developing
cerebral cortex with some differences, however. Indeed, in developing
telencephalon, F3/Contactin is also expressed in the proliferative
region of the ventricular zone (VZ) at embryonic day 16% (Fig.
2B), indicating expression on dividing precursors. At the same time,
F3/Contactin gene activation occurs in layers II-I1I8 (see Fig. 2C),
consistent with the evidence that the postmitotic neurons, which
populate these layers, originate from later developing precursors,
located in the upper ventricular zone.?>9”

In developing cortex, the molecule is therefore expressed by
differentiating postmitotic neurons undergoing radial migration.
During migratory events of these precursors, in addition, the
molecule undergoes changes in its cellular distribution. Indeed, in
the early postnatal period, F3/Contactin expression is predominant
on precursor perikarya. Subsequent expression on axon tracts occurs
at the same time than overall downregulation of the corresponding
gene, indicating that also on cortical precursors F3/Contactin gene
downregulation is necessary to allow for growth of axonal extensions,
in keeping with its demonstrated inhibitory effects on central neuron
differentiation, observed in in vitro models.6>8

By contrast, on neurons undergoing tangential migraltiot1,98’101
a sustained F3/Contactin expression is observed all over the post-
natal development, as for precursors originating from the anterior
ventricular zone, which feed the olfactory pathway.?? Therefore, F3/
Contactin gene expression undergoes a differential regulation on
radially—versus tangentially-migrating precursors, with a wider time
course on the latter.

F3/contactin expression in developing hippocampus. Based
on the above, it may be supposed that F3/Contactin expression
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undergoes persistent activation on neurons which develop postna-
tally, which, besides those belonging to the cerebellum and to the
olfactory pathway, also include hippocampal precursors,!%% in which
F3/Contactin was found both on pyramidal neurons of the CA1-CA3
fields and on granule cells of the dentate gyrus®® (Fig. 2D). In the
latter the F3/Contactin gene was upregulated on the outer face,
which bears neurons undergoing differentiation, while it is absent
from the inner face where granule cell precursors are generated.!9?
In pyramidal neurons, F3/Contactin expression is sharply regulated
at the cellular level, with strong expression on cell bodies in earlier
developmental steps, and subsequent polarization on axonal exten-
sions. Therefore, unlike the cerebral cortex, F3/Contactin expression
in the hippocampus is sustained all over the postnatal life, which is in
keeping with the evidence that the molecule is unable to counteract
neurite elongation in primary hippocampal neurons.®®

F3/contactin expression on subcellular structures. A special
mention deserves the expression of the molecule on specific subcel-
lular structures, and in particular in the axonal nodal, paranodal and
juxtaparanodal regions, all of them playing a relevant role in myeli-
nation and in nerve impulse conduction,!351:60.01,104-108 Tpdeed,
the molecular architecture of these regions is of critical relevance for
the saltatory conduction of the action potential, which mostly relies
on the relative topography of Na* and K* channels and implies the
regulated expression of several associated molecular components. In
this respect, a special role is played by Ig/FNIII axonal glycoproteins,
in particular F3/Contactin itself and the closely-related Transient
Axonal Glycoprotein TAG-1. Within the node of Ranvier, F3/
Contactin interaction with the B1 subunit of the Na channels'
is critical for surface expression of the latter and therefore for their
functional role.195-108 Within the node, Na* channels also undergo
cis-association with the Ig superfamily glycoprotein Nf186,!08-110
and complexes between F3/Contactin, Nf186 and Na* channels
then interact in trans with glial components as Tenascin-C, Tenascin
R,M-115 receptor protein tyrosine phosphatase § (RPTP f) and its
Phosphocan derivative.!1¢117 Together, these data support the view
that F3/Contactin is a relevant component of the nodal region, in
which it undergoes association with and modulates the topography
of molecules of critical relevance for neuronal function as the Na*
channels.

F3/Contactin also participates to the complex molecular inter-
actions occurring at the paranode, where it associates with the
transmembrane neurexin family component CASPR (Contactin
associated protcin).lM’118 As for Na* channels, interaction with F3/
Contactin allows CASPR (also called Paranodin) to be expressed at

the cell surface,!1?

and in addition this also regulates glycosylation of
F3/Contactin and its transport to the cell surface.!?® At the paranode
the F3/Contactin/CASPR complex mediates axonal interactions with
myelinating cells, which implies the glial Ig superfamily component
Neurofascin 155,121:122 as well as the Nogo-A glycoprotein.!?3 F3/
Contactin-dependent interactions are also critical for linking the axo-
glial complex to the cytoskeleton as the CASPR intracellular domain
binds the cytoskeletal protein 4.1b.124125

It is worth mentioning that axon-glial contacts at the level of the
paranode display special morphological features as, at both sides of
the node of Ranvier, the compact myelin membrane opens, forming
cytoplasm-filled glial loops connected to the axon via a series of
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transverse bands, reminiscent of the invertebrate septate juctions.'*

Both CASPR and Contactin are essential for generating septate-like
junctions in vertebrates as in both Contactin and CASPR mutant
mice the latter are disrupted.!314

Molecular interactions of Ig superfamily components with ionic
channels are highly relevant for the definition of the axonal domains
and in particular for separating the nodal region, containing the
Na* channels, from the juxtaparanode in which K* channels are
clustered. In the juxtaparanodal region, the Ig superfamily glycopro-
tein TAG-1 interacts in cis with a further component of the neurexin
family, the CASPR2 protein and with delayed rectifier K* channels
so as to restrict the trimeric TAG-1/CASPR2/K* channels complexes
to this region.!® In addition, the CASPR2/TAG-1 heterodimer on
the axonal membrane interacts with the TAG-1 protein located on
the apposing glial counterpart,!®>0
axoglial interactions. But the most relevant consequence of these

which contributes to stabilizing

molecular interactions is that Na* channels, responsible for the
depolarization phase of action potential, and K* channels, respon-
sible for membrane repolarization, are physically separated from
each other, which is of critical relevance for generating the peak-
shaped potential typical of the nerve impulse. Indeed, disruptions
of either the TAG-1 or the CASPR-2 genes lead to mislocalization
of the K* channels in the central and peripheral nervous tissues and
are responsible for the defects of nerve impulse conduction, which
occur in mutant mice. !¢

F3/contactin expression in non-neuronal cells. As part of its role
in developmental control the expression should be considered of F3/
Contactin by non neuronal cells. Indeed, although brain-specific,
F3/Contactin cannot be strictly considered as a neuron-specific
glycoprotein as it is also expressed on cells of glial derivation. Indeed,
some expression has been also found on an astrocytic glioma,>®
although the main non-neuronal cells expressing the molecules are
rather oligodendrocytes, on which the protein has been found by
both in vitro and in vivo approaches.!?® Expression on oligoden-
drocytes may be in keeping with the hypothesis of the F3/Contactin
involvement in early stages of myelination besides than in the above-
mentioned organization of the nodal/paranodal regions.

As for the expression on glial cells, the TAG-1 glycoprotein bears
some of the F3/Contactin expression properties. Indeed, as for F3/
Contactin, it is expressed at the oligodendrocyte and not at the
astroglial surface.'?” The functional consequences of this on myeli-
nation and in particular on the stabilization of the iuxtaparanodal
regions have been discussed in the previous section. In addition,
TAG-1 is provided with a functional role in modulating the astroglial
morphology/function as demonstrated by using transgenic models
undergoing TAG-1 gene suppression.’” This indicates that while
axonal glycoproteins are mainly endowed with a functional role in
controlling axonal functions, they can also modulate differentiation
of flanking glial cells via heterophilic trans-interactions.

In the case of F3/Contactin its role in modulating astroglial func-
tion and morphology has not been addressed in detail, although its
ability to interact with glial receptors as Receptor Protein Tyrosin
Phosphatase (RPTPB)!?8 suggests that this possibility should be
taken into account, which represents matter for further investigation.
If this will turn out to be the case, the general role in modulating
the development of F3/Contactin expressing cells (mostly neurons)
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or of flanking cells (mostly oligodendrocytes and possibly cells of
astroglial derivation) should be both considered an integrant part of
F3/Contactin function, thus providing this glycoprotein with a wide
role in developmental control.

Developmental significance of F3/contactin regulated expres-
sion. From the above it may be inferred that the F3/Contactin
expression may be relevant for development of both neuronal and
glial precursors. This topic has been addressed by modifying it in
transgenic models. Suppressing the F3/Contactin gene in vivo led
to specific effects on the structural organization and function of
myelinated axons, which fits with the expression and function of
the molecule at the nodal/paranodal regions. These changes affect
dramatically the function of myelinated axons, so that the mutant
mice did not survive past the second postnatal week.!> However
the most relevant phenotype was observed as a consequence of a
change in the F3/Contactin expression profile from a heterologous
promoter. In this respect the promoter region of the gene encoding
the human relative of the Transient Axonal Glycoprotein was used.®®
The expression profile of the Transient Axonal Glycoprotein TAG-1
is significantly different from the F3/Contactin one, being character-
ized by an earlier activation on premigratory neuronal precursors,
while F3/Contactin is rather upregulated on migrating and differenti-
ating neurons. Besides this general profile, as above indicated the two
molecules are differentially expressed at the level of axonal domains
involved in myelination and on myelinating cells themselves.

Our claim has then been to verify whether regulated expres-
sion of F3/Contactin may be provided with functional relevance in
specific aspects of neuronal function, a hypothesis we have verified
by setting up the following in vitro and in vivo approaches: (1) the
F3/Contactin gene regulatory region has been characterized in detail
by using both in vitro and in vivo models; (2) the significance of the
F3/Contactin profile has been addressed in transgenic mice, in which
its cDNA has been driven under control of a heterologous promoter.
For this, a regulatory region selected of the human homologue of the
Transient Axonal Glycoprotein (TAG-1) gene, the TAX-1 gene, has
been chosen, 6012

Organization of the F3/contactin gene regulatory region.
In vitro models for elucidating the F3/contactin promoter organi-
zation. The organization of the F3/Contactin gene, studied both
in chick!¥® and in rodents,!3!
compared to other Ig superfamily components, with some specific

revealed a quite similar structure

features, however. The overall size of the rodent gene accounts to
about 290 Kbp. Of these, the coding region spans more than 100
Kbp. As for other Ig superfamily axonal glycoproteins, each domain
is encoded by two distinct exons; in addition different exons encode
the amino- and the carboxy-terminal hydrophobic sequences, respec-
tively.

A specific feature of the F3/Contactin gene concerns its 5'
flanking region, which spans more than 170 Kbp (Fig. 3A).9%7% The
functional organization of this region has been first characterized in
vitro upon transfection of putative promoter/reporter constructs in
cell lines of different derivation, in order to identify the associated
promoter elements and to check for their cell type-specificity. The
F3/Contactin gene 5' flanking region includes 3 alternative neuro-
specific promoters, associated with distinct 5' flanking exons called
Al, 0and C1,09:131 (Fig. 3A). Within the same region a further exon,
called exon B, was detected which, however, was not associated with
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any transcription start site. Because of the pres-
ence of internal acceptor/donor splice sites, these
exons undergo complex splicing events leading to
at least 11 profiles of the F3/Contactin mRNA 5'
regionG9 (Fig. 3B and C).

Therefore, these data indicate that the complex
expression of the F3/Contactin glycoprotein is
the result of an articulated regulation, including
transcriptional and posttranscriptional, besides
than the above-reported posttranslational mecha-
nisms.

In vivo models for studying the profile of the
F3/contactin promoter activation. The reported

organization of the regulatory region of the F3/
Contactin gene is both necessary and suffi-
cient for driving its articulated profile. Indeed,
in mice expressing an F3/Contactin promoter-
EGFP reporter construct, including the genomic
regions flanking exons Al, 0 and C1 (Fig. 3D),
transgene expression essentially recapitulated the
endogenous gene, indicating that the selected
genomic region included all the elements neces-
sary for driving F3/Contactin in vivo.”? Indeed,
in the cerebellar cortex, early transgene expres-
sion was observed at PO on postmitotic granule
neurons entering the inner granular layer, with a
progressive downregulation in subsequent devel-
opmental steps, when these neurons progress in
their migration (Fig. 3E, PO, see also inset). In
Purkinje neurons a sharp upregulation was found
at around the end of the first postnatal week at
the level of both their soma and dendrite arbori-
sation (Fig. 3E, P8, see also inset).

Past P8, a downregulation was observed on
both types of cerebellar neurons. However, as
for the protein, a sharper decline was observed
on Purkinje neurons, compared to the more
gradual decrease observed on granule cells. The
downregulation of the F3/Contactin promoter
on granule cells during the first postnatal week
strongly suggests that the mechanism responsible
for sustained F3/Contactin expression in the
adult molecular layer most likely relies on axonal
transport.

Besides than on neuronal cells, activation of
the F3/Contactin promoter-EGFP transgene was
also detected on Ng2-positive precursors and on
O4-positive oligodendrocytes, in keeping with
the evidence that the endogenous gene is active
in these cell populations.”®

These data indicate that although the F3/
Contactin gene regulatory region displays a
very large size and a complex organization, the
relevant sequences necessary to recapitulate its
overall profile at the tissue and cellular levels are
restricted to the genomic regions surrounding
the relevant 5' flanking exons. However, the fine
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A F3/Contactin gene 5’ flanking region
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Figure 3. Activation of the F3/Contactin promoter in developing mouse cerebellum. (A)
Organization of the 5' flanking region of the mouse F3/Contactin gene. In (B) the 5' flanking
exons are shown, which undergo complex splicing events (shown in C), resulting in a high level of
complexity of the F3/Contactin mRNA (reviewed in ref. 66). (D and E) Map of the F3/Contactin
promoter/EGFP reporter construct (D), and its expression in developing cerebellum (E). Transgene
expression recapitulates the endogenous gene with an earlier activation on migrating granule
cells (PO, see also insef) and subsequent expression on Purkinje neurons (P8, see also inset). Egl,
external granular layer; Igl, inner granular layer; PCl, Purkinje cells layer; WM, white matter.

Scale bars: PO, P8 = 200 um (insets 20 um).

Cell Adhesion & Migration 2009; Vol. 3 Issue 1



F3/contactin structural and functional properties

A

Exon A1 Exon 0 Exon B Exon C1

F3/Contactin
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Figure 4. Changes in the cerebellar size arising from F3/Contactin devel-
opmental misexpression from the TAX-1 promoter. (A) Organization of the
TAX-1 promoter/F3 cDNA construct. The F3/Contactin regulatory region,
including the genomic sequences surrounding exons A1, O, B and C1, has
been replaced for by the promoter region from the human TAX-1 gene and
used to drive the F3/Contactin cDNA in transgenic mice. (B) Changes in
the cerebellar size arising from F3/Contactin developmental misexpression
under control of the TAX-1 promoter, observed in postnatal day 6 mice.
An F3/Contactin immunostaining is shown. egl, external granular layer;
igl, inner granular layer; PCl, Purkinje cells layer; WM, white matter; CP,
Choroid Plexus. Scale bar: 200 um.

activation of the different promoters in different neuronal or non-
neuronal cell populations was not studied in detail and, in addition,
it is likely that the large 5' flanking non-coding sequences, separating
the identified promoters (Fig. 3A), may be necessary to account for
their independent activation.

It is worth mentioning that large 5' introns have been also
described in the case of the genes encoding other neural adhesive
glycoproteins, as for instance the neural cell adhesion molecule
NCAM itself.!3?

Developmental significance of F3/contactin regulated expres-
sion. The high complexity of the organization of the F3/Contactin
gene regulatory region and its articulated activation profile suggest
that modulation of F3/Contactin expression may be relevant for its
developmental function.

To address this possibility, a transgenic approach has been
devised, aiming at driving F3/Contactin expression in vivo upon a
temporal profile different from the one of the endogenous gene. In
this attempt, a regulatory region from the gene encoding the human
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homologue of the Transient Axonal Glycoprotein TAG-1, the TAX-1
gene,'?? has been selected in order to replace the F3/Contactin
gene regulatory region (Fig. 4A). The rationale for this choice was
that, although expressed on overlapping populations of postmitotic
neurons, the TAG-1 gene is activated earlier than the F3/Contactin
one on both premigratory cells and cycling precursors.®® In addi-
tion, in the cerebellar cortex, differential expression is observed on
Purkinje neurons in which, unlike F3/Contactin, the TAG-1 gene
is silent.!3?

In the arising TAG/F3 mice, the profile of F3/Contactin expres-
sion was modified, with an earlier upregulation on premigratory
granule neurons and, based on the TAG-1 profile, also on prolifer-
ating precursors of the external granular layer. This resulted in a sharp
phenotype, affecting cerebellar development both morphologically
and functionally. As a consequence of F3/Contactin overexpres-
sion, the cerebellar size was reduced, with sharp effects within the
first postnatal week (shown at P6 in Fig. 4B). This phenotype was
consistent with significant negative effects observed on cell prolifera-
tion, and with a delay in neuronal differentiation, observed for both
granule and Purkinje neurons.®® However, the effects on precursor
proliferation/differentiation were transient in nature and strictly
related to F3/Contactin overexpression as, when the latter reverted
as a consequence of the silencing of the TAX-1 promoter, a recovery
from the above phenotype was observed.

The above data indicate that overexpression of F3/Contactin
in the early postnatal period, when the endogenous gene under-
goes only initial activation, results in inhibition of neurogenesis,
suggesting that this likely represents one of the main consequences
of F3/Contactin expression in neural development.®

The above morphological effects were paralleled by those on the
cerebellar function. Indeed, TAG/F3 mice undergo a functional
phenotype characterized by delayed sensory-motor development and
impaired motor activity, motor coordination and motor learning.!34
Since these effects are persistent past the fourth postnatal week, when
the morphological alterations were largely reverted, this indicated
that F3/Contactin overexpression may affect cerebellar function at
the same time than, and independently of its structure.

Signalling pathway potentially mediating the effects of F3/
contactin developmental overexpression. Together, the above data
clearly support the view that regulated expression of axonal adhesive
glycoproteins like F3/Contactin may be provided with a specific
significance in the control of neural development and function. The
delayed development observed in different neuronal populations as
a consequence of F3/Contactin overexpression suggests the involve-
ment of a common signalling pathway. In this respect it is worth
mentioning that similar effects are known to arise in different regions
of the nervous tissue, including both cerebellar and cerebral cortices,

as a consequence of Notch pathway activation,!35-139

suggesting
that the above developmental effects may be exerted via activation
of this key regulatory pathway. Indeed, F3/Contactin is know to
interact with Notch receptors on oligodendrocytes.®>140 However,
in these cells, rather than the canonical Hes-dependent pathway,

141 i activates the

which counteracts oligodendrocyte differentiation,
alternate pathway dependent upon the Deltex-1 transcription factor,
which results in positive effects on the same event.%? Activation of
Notch receptors by different ligands may therefore result in different

developmental effects, depending upon the specific signalling
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pathway involved. F3/Contactin may then participate with different
ligands to the modulation of the Notch pathway in the nervous
tissue and it is worth mentioning that similar effects have been
reported for the closely related Ig superfamily component NB-3.142
In this respect it has then been proposed that the balance between
canonical and alternate activation of the Notch pathway may be
relevant both for regulating specific aspects of neural development
and, in addition, a role has been proposed in the pathogenesis of
dysmyelinating disorders.!43

Potential significance of changes on the expression profile of
contactin and related molecules in cancer and in the pathogenesis
of neurological disorders. Distint investigations claim that a potential
correlation may exist between changes in expression of axonal adhe-
sive glycoproteins and neurological disorders, 44
for this being represented by the L1/NgCAM glycoprotein.

As far as F3/Contactin is concerned some correlation may be

the best paradigms
145

established between its expression and specific disorders of the
nervous tissue. This concerns neoplastic transformation and in addi-
tion, those pathologies which affect interactions of myelinating cells
with differentiating neurons.

As for the former, the molecule was found to be expressed on a
glioblastoma lines.’® Such an expression, however, may represent a
consequence of astrocyte dedifferentiation as normal astrocytes do
not express the molecule. On these cells, F3/Contactin bears the
properties of a repellent molecule demonstrated by adhesion and
migration assays. Although the underlying molecular interactions
and associated signalling events are largely unknown, it has been
suggested that F3/Contactin may modulate the invasive properties
of neoplastic cells expressing it.

On a related topic, a wider significance has been proposed for
F3/Contactin on neurological disorders affecting the integrity of
the neuro-glia interactions, in particular multiple sclerosis. This
is largely based on the above-mentioned complex interactions the
molecule undergo to at the nodal and paranodal regions, which
among other, may involve modulation of the Notch pathway!4¢ and
in this respect, it is of interest to note that changes in the expression
of the Contactin Associated Protein CASPr occur in the course of
multiple sclerosis.'4”

Finally it is worth mentioning the similarity between F3/
Contactin with anosmin, the product of Kall gene whose mutation
148 characterized by hypog-
onadotropic hypogonadism and anosmia, which depends upon

is responsible for the Kallmann sindrome,

changes in the migration behavior of olfactory neurons. This would
expand the range of neurological disorders potentially associated
with changes in the expression level of axonally expressed adhesive
glycoproteins, F3/Contactin belongs to.

Besides than the overall expression of axonal glycoproteins, also
changes in their developmental profile may be relevant for neurolog-
ical disorders. This may be deduced by comparing the severity of the
phenotype arising from F3/Contactin developmental misexpression
to the one of null mutant mice. Indeed, mice lacking F3/Contactin
undergo a complex phenotype affecting myelinated axons and die
as a consequence of this at around the end of the second postnatal
week.1392 However, although these animals are ataxic and undergo
a cerebellar phenotype, the latter is much milder as compared to the
one of TAG/F3 mice, supporting the view that rather than axonal
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adhesive glycoproteins expression per se, the regulated activation of
the underlying genes is of most critical developmental relevance.

Concluding Remarks

From the reported data it may be inferred that F3/Contactin repre-
sents a relevant component of the nerve cell surface, which mediates
the control of several functions of the developing nervous tissue,
ranging from precursor proliferation to their migration and differen-
tiation, to the directional growth of axon tracts and the specification
of synaptic contacts. This pleiotropic function is likely related to its
complex expression profile, which implies its differential location at
the surface of the neuronal cell bodies in eatlier developmental steps,
mostly during their migration events and on axonal extensions in
later developmental steps. Together with the evidence that the overall
profile of the F3/Contactin gene is itself regulated during develop-
ment of different neuronal and non neuronal cells, this strongly
supports the hypothesis that regulated expression of axonal adhesive
glycoproteins is itself provided with pivotal significance in neural
development, and the recent demonstration of the F3/Contactin
interaction with developmental control genes of the Notch family
lends support to this possibility, opening the field of the pathways
mediating the developmental function of these molecules, which
represents an appealing topic for future investigations.
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