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Abstract

Cell adhesion molecules (CAMs) of the immunoglobulin superfamily (IgSF) exhibit restricted spatial and temporal expression profiles
requiring a tight regulatory program during development. The rodent glycoprotein TAG-1 and its orthologs TAX-1 in the human and axonin-
1 in chick are cell adhesion molecules belonging to the contactin/F3 subgroup of the IgSF. TAG-1 is expressed in restricted subsets of central
and peripheral neurons, not only during development but also in adulthood, and is implicated in neurite outgrowth, axon guidance and
fasciculation, as well as neuronal migration. In an attempt to identify the regulatory elements that guide the neuronal expression of TAG-1,
we have isolated genomic clones containing 4 kb of the 74X-1 upstream sequence and used them to drive the expression of the LacZ reporter
gene in transgenic mice. We demonstrate that this sequence includes elements not only sufficient to restrict expression to the nervous system,

but also to recapitulate to a great extent the endogenous pattern of the TAG-1 expression in the developing CNS.
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1. Introduction

Cell adhesion molecules (CAMs) belonging to the
immunoglobulin superfamily (IgSF) participate in a num-
ber of critical processes during the development of the
nervous system. Throughout embryogenesis, they mediate
neurite extension, axon guidance, migration, fasciculation
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and synapse formation, and in the adult, they participate in
synaptic plasticity. IgSF proteins exhibit a restricted
spatial and temporal expression profile, which requires a
tight regulatory program. For this reason, they have
become a focus for both in vitro and in vivo investigations
in an attempt to identify neural specific regulatory ele-
ments responsible for this complex pattern of expression
[10]. Previous evidence has revealed the regulatory role
that Pax proteins play in the expression of the N-CAM and
L1 genes [18,29]. Moreover, the restricted expression of
the mammalian L1 and its avian ortholog NgCAM is
governed by the presence of multiple neural restrictive
silencer elements (NRSE) [19-21]. Thyroid hormone has
also been shown to regulate the expression of the L/ gene
in vivo [1]. Finally, structural analysis of other CAM
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promoters, such as these of the F3 and NB-3 genes,
pointed to the presence of putative binding sites for a
number of ubiquitous as well as neuronal specific tran-
scription factors [5,27].

The rodent glycoprotein TAG-1 [9,11,12] and its ortho-
logs TAX-1 in the human [15,48] and axonin-1 in chick
[37,43] are cell adhesion molecules belonging to the con-
tactin/F3 subgroup of the IgSF [45]. Other members of the
subgroup known so far are contactin/F3/F11 [4,13,38],
BIG-1, BIG-2, [55] NB-2 and NB-3 [22,33]. These proteins
have common structural features: six Ig-like domains and
four FN IIlI-like repeats followed by a carboxyl terminal
GPI moiety through which the molecules are bound to the
cell membrane.

Although contactin/F3 subgroup proteins are function-
ally related, they exhibit different, developmentally regu-
lated expression patterns. TAG-1, in particular, is expressed
in restricted subsets of central and peripheral neurons

human B
tRNA mRNA marker
123 12 3

.

[9,23], not only during development but also in adulthood,
and is implicated in neurite outgrowth, axon guidance and
migration [5,8,26]. Recent evidence has also implicated
TAG-1 in the establishment of axon—glia interactions
[46].

We have previously cloned the cDNA for the human
ortholog of TAG-1 (TAX-1) and investigated some of the
functional aspects of the protein, [35,48,49]. This report
attempts to characterize some of the regulatory elements
underlying its expression. We have isolated genomic
clones containing 4 kb of the T4X-/ upstream sequence
and used them to drive the expression of the LacZ
reporter gene in transgenic mice. We demonstrate that
the upstream portion we employed includes elements not
only sufficient to restrict expression to the nervous sys-
tem, but also to recapitulate to a great extend the endoge-
nous pattern of the TAG-1 expression in the developing
CNS.
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Fig. 1. The TAX-1 upstream sequence. (A) For the mapping of the transcriptional start site of the TAX-1 gene, three different pieces of upstream sequence were
subcloned and used for the production of radiolabeled antisense RNA. All three probes were hybridized with 0.5 pg poly(A) 'RNA from human brain, or 40 ug
tRNA, and gave multiple RNase protection bands that corresponded to the same four nucleotides upstream of the Z4X-/ ¢cDNA (lanes 1-3, brackets). (B)
Putative binding sites for several transcription factors found in the 1.4 kb upstream sequence for the TAX-1 gene. The names of the transcription factors are
indicated in the first column, while the sequence of their binding sites and their position in the 1.4 kb upstream sequence for the TAX-1 gene, in the second and

third column, respectively.
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2. Materials and methods
2.1. Isolation of human TAG-1 genomic clones

A portion of the 7AG-1 cDNA [12] was used as probe to
isolate several genomic clones from a human EMBL4
genomic library [31] kindly supplied by Dr. Michaelidis.
Portions of the clone that contained the 5’ most end of the
human 74G-1 cDNA were further subcloned and analyzed.

2.2. Computer analysis of the upstream sequence and
mapping of the transcriptional start site

A total of 4 kb of genomic 7AG-I/ DNA has been
sequenced and deposited in Genbank under accession num-
ber X92681. This sequence includes 1.4 kb of upstream
region, the first four exons, and partially intronic sequence.
The upstream sequence was analyzed using the GCG
software packaged and searched using the TRANSFAC
database [16,50], in combination with Matlnspector [36],
for putative transcription factor binding sites. For the
mapping of the transcriptional start site three different pieces
of upstream sequence were subcloned and used for the
production of radiolabeled antisense RNA [39]. RNase
protection assay was carried out using standard procedures
[39]. All three probes gave multiple RNase protection bands
that corresponded to the same four nucleotides upstream of
the 74X-1 cDNA.

A

2.3. Preparation of the transgenic construct and generation
of transgenic lines

The transgenic construct was prepared as follows: a
fragment containing 4 kb of upstream sequence was cloned
into vector pnlacFZ [30], which contained the LacZ gene
followed by a fragment containing the intron and the polyA
signal from the mouse protamine gene. Transgenic mice were
obtained by microinjection of the purified transgene insert at
the Transgenic Facility of the Institute of Molecular Biology
and Biotechnology. Potential founders were identified by
Southern blotting screening of genomic DNAs obtained from
tail biopsies [17] using as probes either the LacZ portion of
the transgene or a fragment corresponding to the 1350 bp
Ncol—Sacl portion of the human 74G-1 upstream portion.

2.4. Analysis of transgenic animals

LacZ expression was detected by histochemical staining
on 100-pm vibratome (postanatal and adult animals) or 25-
um cryostat (embryos) sections as described [28,34]. In
vitro spectrophotometric assay of LacZ was performed as
described [28,34].
2.5. In situ hybridization

In situ hybridization experiments were performed on 14-
pm cryostat or 250-um vibratome sections according to

TAG-1% LacZ mP1
TAG-1 probe LacZ probe
1kb
B
E14.5 E17.5 P4 P9 P13 P16 P19 Adult

Olfactory cortex - - + + + + + -
Brain - + ++ |+ | A+ | | +
Cerebellum - - ++ | ++ ++ ++ ++ +
Eyes - - * + + + + -
Kidney - - - - - - - -
Liver - - - - - - - -
Heart - - - - - - - -
Lung - - - - - - - -
Spleen - - - - - - - -
Intestine - - - - - - - -

Fig. 2. The construct used for the production of transgenic mice. (A) Approximately 4.0 kb of T4X-1 upstream sequence were fused with the LacZ reporter gene
followed by the intron and polyA signal from the mouse protamine gene. The two probes used for the identification of the transgenic mice are indicated. One
fragment corresponds to 1.4 kb of the TAX-1 promoter region and the other is the 3.0 kb LacZ insert. (B) Expression of the transgene is restricted to the
nervous system as evidenced by somatic tissue screening using in vitro spectrophotometric assay of LacZ (ONPG assay). For each age, at least two mice from
the PromlI transgenic line were used (—: ODy0<0.1, Z: ODgyo ~ 0.1, +: ODypg 0.1-0.4, ++: ODyy 0.4—0.8, +++: OD4,0>0.8).
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published protocols [2,40]. The TAG-1 specific probe was
produced as follows: a 650-bp PCR product was obtained
using as template P7 mouse cerebellar cDNA (primers start
from position 2704 to 2728 and 3347 to 3319 of the rat

TAG-1 published cDNA sequence) [12]. The fragment was
subcloned into pBS and the antisense probe was obtained by
HindIIl digestion and T3 polymerase, while the sense with
Xho digestion and T7 polymerase.

ctB

en -

Fig. 3. Transgene and endogenous mRNA expression during embryonic development. (A, C, E) In situ hybridization for TAG-1 and (B, D, F) LacZ staining for
the transgene, during embryonic development. (A) Coronal section of an E15.5 wt embryo showing TAG-1 positive cells in the cortex (ct) and the epithalamic
neuroepithelium (en). (B) Transgene expression in epithalamic nuclei (e), but not in the cortex, in a coronal section from an E15.5 Promll transgenic embryo.
(C) Expression of TAG-1 mRNA in the cerebellar primordium of an E14.5 wt embryo, showing staining in deep nuclei (star), the forming EGL (arrowhead)
and the differentiating Purkinje cells layer (arrow). (D) LacZ expression in deep nuclei (star) and the forming EGL (arrowhead) of the cerebellar primordium,
from an E14.5 Promll embryo. Inset: Higher magnification of the LacZ positive cells found in the forming EGL. (E) In situ hybridization for TAG-1 in the
spinal cord of an E12.5 wt embryo reveals staining in the commissural and faintly in laterally located motor neurons as well as in the DRG. Arrow indicates
postmitotic migrating neurons. (F) LacZ staining is found only in the commissural neurons of an E12.5 PromlI embryo. Scale bars: A—D: 500 pm, E, F: 187.5

pum, inset: 100 um.
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3. Results

3.1. Characterization of the upstream sequence of the
TAX-1 gene

The cloning of 7AX-1 genomic fragments revealed that
the TAX-1 gene covers about 40 kb of DNA and the
genomic organization agrees with what has been reported
previously [25] and is similar to that of the avian gene
ortholog axonin-1 [14]. The upstream sequence that was
cloned is 4 kb. Of that, 1.4 kb was sequenced, and this
sequence, along with a portion of the genomic organization,
has been deposited in the databank under accession number
X92681. The transcriptional start site was mapped by
RNase protection (Fig. 1A) to a region 82—88 nt upstream
of the TAX-1 ¢cDNA previously cloned by our laboratory
[48]. The RNase protection assay mapped four consecutive
sites, separated by a single nucleotide. The most distal one
was designated + 1 in the sequence.

Analysis of the upstream sequence did not show the
presence of any TATA or CCAAT boxes within the first 200
bp upstream of the start of transcription, in agreement with
what has been reported for axonin-1 [14] and the NB-3 gene
as well [27]. Computer analysis revealed a number of
putative binding sites for several transcription factors that
might regulate TAX-1 expression (Fig. 1B). Most putative
sites were identified by comparison of the sequence against
the TRANSFAC database of transcription factors [16,50].
Those include, among others, two E-boxes (recognized by
b-HLH transcription factors) at nt — 1203 and — 717, one
NF-kB binding site at nt — 429, several Spl sites, two GRE
boxes at nt — 1156 and — 771, one binding site for ets-1 at
nt —444, and several AP-2 binding sites. Most of these
elements are commonly found in promoter regions of other
cell adhesion molecules such as F3 [5] and NB-3 [27].

In addition to binding sites that correspond to global
transcriptional regulators, some are shared, presumably,
only by genes whose expression is restricted to the nervous
system. One sequence motif of particular interest is located
at nt — 1053 and — 1042 (in the reverse orientation) and
corresponds to the element identified in the N-CAM pro-
moter that is recognized by Pax gene products [10,29]. The
element that is most interesting, however, is a sequence
(NRSE) that is a putative binding site for the neural
restrictive silencer factor and has been identified in a
number of neurally restricted genes [41]. Functional NRSE
have been reported modulating NgCAM developmental
expression [21] as well as for the L/ locus where they act
as both repressors and enhancers to fine tune postnatal and
adult gene expression [19,20]. We identified four putative
NRSE in the genomic 74X-/ sequenced portion. One is
located in the 5’ upstream sequence (at nt — 206), one is in
the 5 UTR, one in the known sequence of intron 1, and one
in intron 3 (nt 1458, 1590 and 3490, respectively, in the
sequence deposited in Genbank) [47]. Three of these
sequences are in the reverse orientation and one in the

forward direction. Note that all the NRSE identified for L/
are in the reverse orientation compared to those found in
most of the other genes [21].

Finally, comparison of the 1.4-kb upstream sequence of
the 74X-1 gene with the known upstream sequence of axonin-
1 [14] reveals a conserved region of 50 nucleotides with 94%
identity, in the proximal promoter region of both genes (nt
1077-1126 and 1317—-1366 in the sequences deposited in
Genbank for axonin-1 and TAX-1, respectively).

Preliminary in vitro experiments showed that the 74X-/
upstream sequence cloned included elements able to direct
basal levels of gene expression in HeLLa and COS cells that do
not normally express TAG-1 [47], suggesting that the cloned
portion includes elements characteristic of a basic promoter.

3.2. In vivo analysis of the TAX-1 upstream sequence

Since there are no significant discrepancies between the
human and the rodent expression profile of TAG-1 [24], we
investigated whether the 4-kb upstream sequence of the 74.X-
1 gene that we have cloned can produce a neuronal restricted
expression pattern, and if so, to what degree this pattern
recapitulates the endogenous developmental profile of TAG-
1. We thus inserted the 4-kb fragment of the promoter of the
TAX-1 gene in the pnlacFZ plasmid (containing a promoter-
less LacZ gene upstream of a fragment of the intron and the
polyA sequence of the mouse protamine gene), and this
construct was used to generate transgenic mice (Fig. 2).

Seven founders were obtained, named PromI—VII. Two
of the founders, PromlIIl and PromV, did not transmit the
transgene to any of their progeny, and thus, no lines were
established. When tested for LacZ expression by histochem-
ical staining, founder PromlIII did not express the transgene
whereas founder PromV exhibited neuronal LacZ staining,
mostly in the hippocampal and cortical regions, in a pattern
similar to the remaining lines as discussed below. Five
founders established lines, which were bred to homozygos-
ity, and analyzed for LacZ expression in embryonic, post-
natal, and adult stages.

Of these lines, Proml stained for LacZ only in choroid
plexus in postnatal and adult animals and was not further
analyzed. In the other four lines, expression was restricted to
the nervous system as evidenced by somatic tissue screening

Table 1
Expression profile of 74X-/ transgene during embryonic development

E12.5 E15.5-E17.5

Telencephalon - —
Diencephalon
Habenulla -
Thalamus -
Hypothalamus
Mesencephalon -
Cerebellar primordium
Medulla
Pons
Spinal cord

+ 4+ o+t

+ 0+
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Fig. 4. Transgene and endogenous mRNA expression during postnatal development. (A, C, E, G) In situ hybridization for TAG-1 and (B, D, F, H) LacZ
staining for 74X-1 transgene, during postnatal development. Sagittal sections from P4 wt (A) and transgenic (B) PromlIl mouse embryos, showing TAG-1
mRNA and LacZ staining respectively, in the olfactory nucleus (on). (C) In situ hybridization for TAG-1 in the hippocampus of a PS5 mouse, showing
expression in the CA1, CA2, CA3 hippocampal subfields as well as in the dentate gyrus (dg). (D) The same expression profile is revealed by the transgene in
the hippocampal formation of a PS5 PromlI transgenic mouse. Arrow indicates intense LacZ staining in layer VI of the cerebral cortex. Expression profiles of
endogenous mRNA (E) and the transgene (F) in the cerebellum of P5 wt and PromlIV transgenic mouse respectively. TAG-1 mRNA is expressed both in the
external (egl) and internal (igl) granule layers, while in the transgenic mouse, transgene expression is found only in the upper igl. Strong transgene staining but
not TAG-1 expression is also observed in the cerebellar nuclei (cn). (G, H) Expression in the postnatal spinal cord. Scale bars: A—H, 500 um.
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using whole mount LacZ staining or a spectrophotometric
assay (Fig. 2B). Of all the lines analyzed, Promll showed
the strongest and most extensive staining. Despite the fact
that PromIV, PromVI and PromVII exhibited fewer labeled
cells (see Section 4), particularly postnatally, the overall
spatiotemporal distribution pattern of LacZ was found to be
consistent in all the lines examined. Thus, the observed
patterns of transgene expression were independent of the
integration site. Because of this, the description of the
transgene expression to follow will reflect findings corres-
ponding to all four transgenic lines.

3.3. Embryonic expression

The earliest transgene expression is detected at E12.5,
and it is restricted to very few areas, such as the spinal
cord (commissural neurons) (Fig. 3F), the vestibuloco-
chlear ganglion and the lateral medulla oblongata. In the
following days (E13—E14), LacZ cells appear in the
pontine and mesencephalic tegmentum, around the neuro-
epithelium of cerebral aqueduct and the cerebellar primor-
dium (cerebellar nuclei and external granular layer) (Fig.
3D). From EI15, LacZ cells appear in the diencephalon
(habenula (Fig. 3B), lateral thalamus, lateral hypothalamus,
subthalamus), while at E16—E17, labeled cells are also
present in the medullary reticular formation, vestibular
nuclei, cochlear nuclei, facial nucleus, lateral lemniscus,
trigeminal nuclei, rostral pons, periaqueductal gray matter
(PAG), deep layers of superior colliculus, inferior collicu-
lus, red nucleus and occulomotor nucleus. An overview of
the expression profile of 74X-/ transgene during embry-
onic development is found in Table 1.

3.4. Postnatal and adult expression

Through all postnatal ages examined (PO—P17), LacZ
staining is generally the same, persisting in all the regions
described to express the transgene at late embryonic stages
(E17.5). In addition, it is detected in the olfactory bulbs, the
cerebral cortex and the hippocampal formation. In particu-
lar, LacZ expressing cells are observed in the following
structures of the nervous system: In the forebrain, transgene
expression is present in the anterior and less in the posterior
olfactory nucleus (Fig. 4B), in layers II-III and VI of the
cerebral cortex, in CAl, CA3, CA2 pyramidal layers and
dentate gyrus of the hippocampal formation (Fig. 4D), in the
septum (medial, lateral and triangular septal nuclei) and in
the basal ganglia (bed nucleus of stria terminalis); in the
diencephalon, transgene expression is detected in the epi-
thalamus (habenula), in the thalamus (reunions, anterome-
dial, centromedial etc nuclei), in the metathalamus
(dorsolateral and medial genuculate nuclei) and hypothala-
mus (lateral hypothalamic area and dorsomedial hypotha-
lamic nucleus); LacZ staining is also observed in several
mesencephalic (inferior colliculus, superior colliculus, red,
occulomotor, tegmental nuclei), cerebellar (external granular

layer, internal granular layer, dentate, interposed, fastigial
nuclei) (Fig. 4F) and pontine structures (pontine, reticular,
vestibular, cochlear, etc. nuclei). Finally, LacZ positive cells
are dispersed in most regions of medulla oblongata and all
over the gray matter of the spinal cord (Fig. 4H).

Upon entering adulthood, transgene expression is altered.
Analysis of adult animals (2 or 3 months old) revealed a
remarkably restricted LacZ staining, compared to the post-
natal stage (Table 2). The main differences are observed in the
diencephalon and mesencephalon, where expression of the
transgene turns off completely, with the exception of the
PromlI transgenic line, where it persists. Minor changes are
also detected in the cerebral cortex, where LacZ positive cells
are fewer but still found in the II/IIl and VI layers. It is
noteworthy that neuronal structures such as the olfactory
bulbs, the hippocampal formation (Fig. 5B) and the cerebel-
lum (Fig. 5D) continue to express the transgene upon adult-
hood, in agreement with the endogenous expression profile.

3.5. The transgene expression partially recapitulates the
endogenous TAG-1 pattern

Although the expression pattern of TAG-1 protein has
been characterized in detail [51,53,54], little information is

Table 2
Expression profile of 74X-/ transgene during postnatal development and in
the adulthood

Postnatal Adult

Olfactory cortex
Anterior olfactory nucleus
Posterior olfactory nucleus
Hippocampus
CAl
CA2
CA3
Dentate gyrus
Cerebral cortex
Layer I
Layers 1I/11I
Layer IV
Layer V -
Layer VI
Diencephalon
Habenulla
Thalamus
Metathalamus
Hypothalamus
Mesencephalon
Superior colliculus
Inferior colliculus
Cerebellum
Granule layer
Purkinje layer
Cerebellar nuclei
Pons
Medulla
Spinal cord +

I+
I+

+ + + + + + + + + + + + +
+ | I + + + =+ F
®

+ o+ o+
o

* Indicates that transgene expression is only seen in PromlII and not in
the other three lines.
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Fig. 5. Transgene and endogenous mRNA expression during adulthood. (A, C) In situ hybridization and (B, D) LacZ staining in adult wt and transgenic mice,
respectively. (A) TAG-1 positive cells in the CA1 and less in CA2 and CA3 subfields of the hippocampal formation of a wt animal. (B) The transgene is
expressed mainly in the CA1 subfield (PromVII). (C) In situ hybridization for endogenous mRNA in adult cerebellum of a wt mouse shows signal only in the
internal granule layer (igl). (D) Transgene expression (PromVII) is also observed in the igl of an adult transgenic mouse, but only in the upper part.
Furthermore, the transgene continues to be expressed in the cerebellar nuclei, but at lower intensity than in postnatal animals. Scale bars: A—D, 500 um.

available for the TAG-1 mRNA expression profile. So far,
all published studies have been focused mostly in postnatal
developmental stages and in the adult [51,55], or in certain
structures of the CNS during embryonic development
[8,26]. In order to be able to compare transgene expression
with the endogenous, we have performed in situ hybridiza-
tion for TAG-1 mRNA, from E12.5 through the adult stage.

At embryonic stages E12.5—-E17.5, TAG-1 mRNA signal
is distributed in regions that are characterized by migrating
neurons and developing axons. The earliest expression is
detected at E12.5 and is restricted to a few areas, such as the
vestibulocochlear ganglion, the lateral medulla, the preplate
zone of the cerebral cortex, the spinal cord (commissural
neurons) and the dorsal root ganglia (DRG) (Fig. 3E). At
later developmental stages, TAG-1 mRNA signal is expand-
ed to other regions of the CNS. At E14.5, for example,
TAG-1 expressing cells are found in the marginal and lower
intermediate zone of the cerebral cortex, in the hippocampal
formation (Fig. 3A), diencephalon (Fig. 3A), mesencepha-
lon, cerebellar promordium (deep nuclei, forming EGL,
differentiating zone for migrating Purkinje cells) (Fig. 3C),
pons and spinal cord.

Comparison of transgene expression to the endogenous
reveals two major differences. First, while transgenic mice
lack labeling in the cerebral cortex and the hippocampal
formation (compare Fig. 3A with Fig. 3B), normal mice
exhibit dense TAG-1 labeling in these areas from E13.5—
E14 onwards. Secondly, we have not observed any LacZ

staining in the dorsal root ganglia of transgenic embryos, as
would be expected based on the endogenous pattern (com-
pare Fig. 3E with Fig. 3F).

At early postnatal stages (PO—P5) TAG-1 mRNA ex-
pression is remarkably restricted. TAG-1 expressing cells
are found mainly in the anterior olfactory nucleus and less in
the posterior olfactory nucleus of the olfactory bulbs (Fig.
4A), in CA1, CA2, CA3 pyramidal layers and in the dentate
gyrus of the hippocampal structure (Fig. 4C), in the external
granule layer and less in the internal granular layer of the
cerebellum (Fig. 4D) and, finally, in the spinal cord (Fig.
4G). Weaker signal is observed in the cortex (mainly in the
VI layer), as well as in the brainstem (data not shown). At
later developmental stages (P6—P17) and in the adulthood,
TAG-1 mRNA expression is less intense but present in the
olfactory bulbs, the hippocampus (Fig. 5A) and in the
cerebellum (Fig. 5C) where it is observed mainly in the
internal granular layer. Our observations are in agreement
with previous studies [52,55].

Comparison of transgene expression to the endogenous
reveals that the transgene is rather temporally misregulated,
especially in the first postnatal days (PO—P5) (Table 3). In
the cerebral cortex and the hippocampus, LacZ staining
appears for the first time during postnatal development, in
contrast to the endogenous, in which the mRNA is detected
from embryonic stages and in the cortex ceases postnatally.
In addition, expression in the thalamus, hypothalamus and
mesencephalon persists after birth, again in contrast to the



M. Denaxa et al. / Molecular Brain Research 118 (2003) 91-101 99

Table 3
Comparison of the endogenous 74G-1 with the transgenic LacZ expression,
during postnatal developmental stages and in the adulthood

Postnatal Adult

Endogenous LacZ Endogenous LacZ

Olfactory cortex
Anterior olfactory nucleus  +
Posterior olfactory nucleus

Hippocampus
CAl
CA2
CA3
Dentate gyrus

Cerebral Cortex

Diencephalon

Mesencephalon

Cerebellum
Granule layer
Purkinje layer
Cerebellar nuclei

Pons

Medulla

Spinal cord

+
I+
H+ +
I+

I+ttt
I+ T+
I+t

+
+ o+t o+
+

+
+ o+
[
tHH O+

endogenous. Overall, the postnatal stage appears as a
transitory state where the expression of the transgene is
not very tightly regulated. However, upon entering the adult
stage most neuronal populations acquire a transgene expres-
sion pattern that is most reminiscent of the endogenous
distribution (with the exception of Promll; see Table 2).
Table 3 summarizes the two expression patterns in the
various brain regions through the postnatal and adult stages.

4. Discussion

We have isolated 4 kb of the human 74AG-1 (TAX-1)
upstream regulatory sequences. Using RNase protection
analysis, we identified four transcription initiation sites
within the 74X-/ locus. Analysis of the 74X-/ promoter
revealed that TAX-1 lacks the TATA and CCAAT transcrip-
tion initiation motifs, in agreement with the avian gene
ortholog (axonin-1), and possesses a number of putative cis-
regulatory elements for several transcription factors. The
most interesting are: (a) a sequence motif which corresponds
to the element identified in the N-CAM promoter that is
recognized by Pax gene products [10,29], (b) a sequence
that is a putative binding site for the neural restrictive
silencer factor and has been identified in a number of
neurally restricted genes [41], such as NgCAM [21] and
L1 [19,20]. Apart from the cis-regulatory elements de-
scribed in this study, it is very likely that more binding
sites are present in most upstream sequences of the 4-kb
TAX-1 promoter, which we have cloned. We cannot also
exclude the possibility that intronic regulatory elements, as
in the case of L1, NgCAM [10] and F3, [6], are present in
the uncloned portion of intron 1 that covers at least 10 kb.
Such elements are likely to be present in the first intron of

the 74X-1 gene since a transgene inclusive of the first exon
largely recapitulates the endogenous pattern of TAX-1 [3],
although in this study, there is no information about the
expression profile of this transgene in the CNS (apart from
P8 cerebellum) during development, as in our study.

Analysis of the 4-kb T4X-1 upstream sequence in trans-
genic mice reveals cis-regulatory elements that restrict LacZ
expression to the nervous system. Transgene expression in
the four lines examined exhibits similar spatial and temporal
regulation, showing that the observed patterns of transgene
expression were independent of the integration site. Never-
theless, it is noteworthy that within each line and age
examined, not all sections exhibited the same number of
LacZ-stained cells (data not shown). This can be attributed
to the variegation phenomenon observed in LacZ transgenic
animals [32]. The variegation observed could also be due to
the lack of particular enhancer elements that act to increase
the proportion of expressing cells and suppress the variabil-
ity [44].

The spatial distribution of the 74X-/ transgene agrees in
general with the endogenous pattern, although it seems to be
temporally loosely regulated. Certain areas of the CNS, such
as the spinal cord, diencephalon and mesecenphalon display
a persistence of transgene expression past the time point
when the endogenous expression ceases. Overall, the differ-
ences between the endogenous and transgenic expression
patterns can be summarized in three points: (1) Persistence
of the transgene expression past the embryonic stage and in
the adult, in which endogenous gene expression is not
detectable, in neuronal populations of the diencephalon,
mesencephalon and spinal cord. This suggests absence of
a repressive element responsible for downregulating expres-
sion once it is induced. (2) Ectopic transgene expression in
certain neuronal populations. The most likely explanation is
the absence of NRSE such as those identified for the L1
gene [19,20]. (3) The delay in the initiation of expression in
the cortex. The transgene is not expressed embryonically
and turns on in the postnatal stages and persists in the adult,
when the endogenous expression ceases. Again, a lack of
appropriate cis-regulatory sequences is hypothesized. How-
ever, one point that should be considered is the report of the
silencing action LacZ exerts on regulatory sequences with
ubiquitous regulation [7]. Even though TAG-1 expression in
vivo is very restricted and not ubiquitous, it is possible that
what we observe with the limited transgene expression
might be partly due to a LacZ effect. Finally, in addition
to the necessary elements missing from our transgene
construct, it is possible that there might be subtle differences
in the transcription factors guiding TAG-1 expression in the
mouse versus the human.

Despite the limitations described here regarding the
reproduction of the endogenous pattern, the obtained trans-
genic lines are of particular interest as they display staining
in specific neuronal populations. Besides analyzing the
regulatory elements required for proper expression, trans-
genic animals for reporter genes can also be used to study
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particular neuronal networks providing neuroanatomists
with novel experimental tools [42].

In summary, we have cloned and characterized a portion
of the upstream sequence of 7AX-I that harbors enough
regulatory information to restrict neuronal expression in
vivo and to produce a spatiotemporal pattern that is consis-
tent among the various lines. In addition, some of the
elements modulating TAX-1 expression in particular cell
types are also present, but their penetrance is dependent on
the integration site, suggesting the absence of context-
independent enhancers from our sequence. What appears
to be missing is a number of regulatory elements that fine-
tune the endogenous expression in the various cell types. A
detailed functional characterization of the 74AX-I/ locus
might result in a more concise understanding of the gene’s
in vivo regulation and, thus, lead to better tools for cell
restricted expression.

Acknowledgements

We thank Dr. Clio Mamalaki and Kostas Kourouniotis
for help with the generation of transgenic animals. We also
thank Katerina Athanassaki for secretarial help. This work
has been supported by the European Union [contract
BIO4CT980329] to D.K. and intramural IMBB funds.

References

[1] M. Alvarez-Dolado, A. Cuadrado, C. Navarro-Yubero, P. Sondereg-
ger, A.J. Furley, J. Bernal, A. Munoz, Regulation of the L1 cell
adhesion molecule by thyroid hormone in the developing brain,
Mol. Cell. Neurosci. 16 (2000) 499—514.

[2] L. Bally-Cuif, M. Wassef, Ectopic expression and reorganization of
Wnt-1 expression in quail.chick chimeras, Development 120 (1994)
3379-3394.

[3] A. Bicozza, D. Virgintino, L. Lorusso, M. Buttiglione, L. Yoshida,
A. Polizzi, M. Tattoli, R. Cagiano, F. Rossi, S. Kozlov, A. Furley,
G. Gennarini, Transgenic mice expressing F3/contactin from the
TAG-1 promoter exhibit developmentally regulated changes in
the differentiation of cerebellar neurons, Development 130 (2003)
29-43.

[4] T. Brummendorf, J. Wolff, R. Frank, F. Rathjen, Neural cell recog-
nition molecule F11: homology with fibronectin type III and immu-
noglobulin type C domains, Neuron 2 (1989) 1351—-1361.

[5] M. Buttiglione, G. Cangiano, C. Goridis, G. Gennarini, Character-
ization of the 5’ and promoter regions of the gene encoding the mouse
neuronal cell adhesion molecule F3, Brain Res. Mol. Brain Res. 29
(1995) 297-3009.

[6] G. Cangiano, M. Ambrosini, A. Patruno, A. Tino, M. Buttiglione, G.
Gennarini, Functional organization of the promoter region of the
mouse F3 axonal glycoprotein gene, Brain Res. Mol. Brain Res. 48
(1997) 279-290.

[71 M. Cohen-Tannoudji, C. Babinet, D. Morello, LacZ and ubiquitously
expressed genes: should divorce be pronounced? Transgenic Res. 9
(2000) 233-235.

[8] M. Denaxa, C.H. Chan, M. Schachner, J.G. Parnavelas, D. Karago-
geos, The adhesion molecule TAG-1 mediates the migration of cort-
ical interneurons from the ganglionic eminence along the corticofugal
fiber system, Development (2001) 4635—-4644.

91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

J. Dodd, S.B. Morton, D. Karagogeos, M. Yamamoto, T.M. Jessell,
Spatial regulation of axonal glycoprotein expression on subsets of
embryonic spinal neurons, Neuron 1 (1988) 105—116.

G.M. Edelman, E.S. Jones, Gene regulation of cell adhesion: a key
step in neural morphogenesis, Brain Res. Brain Res. Rev. 26 (1998)
337-352.

D.P. Felsenfeld, M.A. Hynes, K.M. Skoler, A.J. Furley, T.M. Jessell,
TAG-1 can mediate homophilic binding, but neurite outgrowth on
TAG-1 requires an L1-like molecule and Pl integrins, Neuron 12
(1994) 675-690.

A.J. Furley, S.B. Morton, D. Manalo, D. Karagogeos, J. Dodd, T.M.
Jessell, The axonal glycoprotein TAG-1 is an immunoglobulin super-
family member with neurite outgrowth-promoting activity, Cell 61
(1990) 157-170.

G. Gennarini, G. Cibelli, G. Rougon, M. Mattei, C. Goridis, The
mouse neuronal cell surface protein F3: a phosphatidylinositol-anch-
ored member of the immunoglobulin superfamily related to chicken
contactin, J. Cell Biol. 109 (1989) 775-788.

R.J. Giger, L. Vogt, R.A. Zuellig, C. Rader, A. Henehan-Beatty, D.P.
Wolfer, P. Sonderegger, The gene of chicken axonin-1: complete
structure and analysis of the promoter, Eur. J. Biochem. 227 (1995)
617-628.

T.H. Hasler, C. Rader, E.T. Stoeckli, R.A. Zuellig, P. Sonderegger,
c¢DNA cloning, structural features, and eucaryotic expression of hu-
man TAG-1/axonin-1, Eur. J. Biochem. 211 (1993) 329-339.

T. Heinemeyer, E. Wingender, 1. Reuter, H. Hermjakob, E. Kel, O.V.
Kel, E.V. Ignatieva, E.A. Ananko, A. Podkolodnaya, A. Kolpakov,
N.L. Podkolodny, N.A. Kolchanov, Databases on transcriptional reg-
ulation: TRANSFAC, TRRD and COMPEL, Nucleic Acids Res. 26
(1998) 362-367.

B. Hogan, R. Beddington, F. Constantini, E. Lacy, Manipulating the
Mouse Embryo, Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, NY, 1995.

B.D. Holst, Y. Wang, F.S. Jones, G.M. Edelman, A binding site for
Pax proteins regulates expression of the gene for the neural cell ad-
hesion molecule in the embryonic spinal cord, Proc. Nat. Acad. Sci.
U. S. A. 94 (1997) 1465—1470.

P.G. Kallunki, G.M. Edelman, E.S. Jones, Tissue-specific expression
of the L1 cell adhesion molecule is modulated by the neural restrictive
silencer element, J. Cell Biol. 138 (1997) 1343—1354.

P.G. Kallunki, G.M. Edelman, F.S. Jones, The neural restrictive si-
lencer element can act as both a repressor and enhancer of L1 cell
adhesion molecule gene expression during postnatal development,
Proc. Nat. Acad. Sci. U. S. A. 95 (1998) 3233-3238.

P.G. Kallunki, S. Jenkinson, G.M. Edelman, F.S. Jones, Silencer
elements modulate the expression of the gene for the neuron—glia
cell adhesion molecule, NgCAM, J. Biol. Chem. 270 (1995)
21291-21298.

Y. Kamei, O. Tsutsumi, Y. Taketani, K. Watanabe, cDNA cloning and
chromosomal localization of neural adhesion molecule NB-3 in hu-
man, J. Neurosci. Res. 51 (1998) 275-283.

D. Karagogeos, S.B. Morton, F. Casano, J. Dodd, T.M. Jessell, De-
velopmental expression of the axonal glycoprotein TAG-1: differen-
tial regulation by central and peripheral neurons in vitro, Develop-
ment 112 (1991) 51-67.

D. Karagogeos, C. Pourquie, K. Kyriakopoulou, M. Tavian, W. Stall-
cup, B. Peault, O. Pourquie, Expression of the cell adhesion proteins
BEN/SC1/DM-GRASP and TAG-1 defines early steps of axonogen-
esis in the human spinal cord, J. Comp. Neurol. 379 (1997) 415—-427.
S.V. Kozlov, R.J. Giger, T.H. Hasler, E. Korvatska, D.F. Schorderet, P.
Sonderegger, The human TAX-1 gene encoding the axon-associated
cell adhesion molecule TAG-1/axonin-1: genomic structure and basic
promoter, Genomics 30 (1995) 141—148.

K. Kyriakopoulou, I. de Diego, M. Wassef, D. Karagogeos, A combi-
nation of chain and neurophilic migration involving the adhesion
molecule TAG-1 in the caudal medulla, Development 129 (2002)
287-296.



[27]

(28]

[29]

[30]

[31]

(34]

[35]

(37]

(38]

[41]

M. Denaxa et al. / Molecular Brain Research 118 (2003) 91-101 101

S. Lee, Y. Takeda, H. Kawano, H. Hosoya, M. Nomoto, D. Fujimoto,
N. Takahashi, K. Watanabe, Expression and regulation of a gene
encoding neural recognition molecule NB-3 of the contactin/F3 sub-
group in mouse brain, Gene 245 (2000) 253 -266.

G.R. MacGregor, G.P. Nolan, S. Fiering, M. Roederer, L.A. Herzen-
berg, Use of E. coli [B-Galactosidase] as a Reporter Gene, Humana
Press, Clifton, NJ, 1991.

R.P. Meech, P.G. Kallunki, G.M. Edelman, F.S. Jones, A binding site
for homeodomain and Pax proteins is necessary for L1 cell adhesion
molecule gene expression by Pax-6 and bone morphogenetic proteins,
Proc. Natl. Acad. Sci. U. S. A. 96 (1999) 2420-2425.

E.H. Mercer, G.W. Hoyle, R.P. Kapur, R.L. Brinster, R.D. Palmiter,
The dopamine beta-hydroxylase gene promoter directs expression of
E. coli lacZ to sympathetic and other neurons in adult transgenic mice,
Neuron 7 (1991) 703—-716.

T.M. Michaelidis, G. Tzimagiorgis, N. Moschonas, J. Papamathea-
kis, The human glutamate dehydrogenase gene family: gene or-
ganization and structural characterization, Genomics 16 (1993)
150-160.

L. Montoliu, S. Chavez, M. Vidal, Variegation associated with lacZ
in transgenic animals: a warning note, Transgenic Res. 9 (2000)
237-239.

J. Ogawa, H. Kaneko, T. Masuda, S. Nagata, H. Hosoya, K. Wata-
nabe, Novel neural adhesion molecules in the Contactin/F3 subgroup
of the immunoglobulin superfamily: isolation and characterization of
cDNAs from rat brain, Neurosci. Lett. 218 (1996) 173—176.

O. Pavlou, R. Ehlenfeldt, S. Horn, H.T. Orr, Isolation, character-
ization and in vivo analysis of the murine calbindin-D28K up-
stream regulatory region, Brain Res. Mol. Brain Res. 36 (1996)
268-279.

0. Pavlou, K. Theodorakis, J. Falk, M. Kutsche, M. Schachner, C.
Faivre-Sarrailh, D. Karagogeos, Analysis of interactions of the adhe-
sion molecule TAG-1 and its domains with other immunoglobulin
superfamily members, Mol. Cell. Biol. 20 (2002) 367—-381.

K. Quandt, K. Frech, H. Karas, E. Wingender, T. Werner, MatInd and
Matlnspector—new fast and versatile tools for detection of consensus
matches in nucleotide sequence data, Nucleic Acids Res. 23 (1995)
4878—-4884.

C. Rader, E.T. Stoeckli, U. Ziegler, T. Osterwalder, B. Kunz, P.
Sonderegger, Cell—cell adhesion by homophilic interaction of the
neuronal recognition molecule axonin-1, Eur. J. Biochem. 215
(1993) 133—141.

B. Ranscht, Sequence of contactin, a 130-kD glycoprotein concen-
trated in areas of interneuronal contact, defines a new member of the
immunoglobulin supergene family in the nervous system, J. Cell Biol.
107 (1988) 1561—1573.

J. Sambrook, E.F. Frisch, T. Maniatis, Molecular Cloning: A Labo-
ratory Manual, Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, NY, 1989.

N. Schaeren-Wiemers, A. Gerfin-Moser, A single protocol to detect
transcripts of various types and expression levels in neural tissue and
cultured cells: in situ hybridization using digoxigenin-labelled cRNA
probes, Histochemistry 100 (1993).

C.J. Schoenherr, A.J. Paquette, D.J. Anderson, Identification of po-

[42]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

tential target genes for the neuron-restrictive silencer factor, Proc. Nat.
Acad. Sci. U. S. A. 93 (1996) 9881-9886.

D.J. Spergel, U. Kruth, R. Sprengel, P.H. Seeburg, Using reporter
genes to label selected neuronal populations in transgenic mice for
gene promoter, anatomical, and physiological studies, Prog. Neuro-
biol. 63 (2001) 673—686.

E.T. Stoeckli, T.B. Kuhn, C.O. Duc, M.A. Ruegg, P. Sonderegger,
The axonally secreted protein axonin-1 is a potent substratum for
neurite outgrowth, J. Cell Biol. 112 (1991) 449—-455.

H.G. Sutherland, D.I. Martin, E. Whitelaw, A globin enhancer acts by
increasing the proportion of erythrocytes expressing a linked trans-
gene, Mol. Cell. Biol. 17 (1997) 1607—1614.

M. Tessier-Lavigne, C. Goodman, The molecular biology of axon
guidance, Science 274 (1996) 1123-1133.

M. Traka, J. Dupree, B. Popko, D. Karagogeos, The neuronal adhe-
sion protein TAG-1 is expressed by Schwann cells and oligodendro-
cytes and is localized to the juxtaparanodal region of myelinated
fibers, J. Neurosci. 22 (2002) 3016—3024.

P. Tsiotra, The human cell adhesion molecule TAX-1: cloning, struc-
tural and functional analysis, PhD thesis, Department of Biology,
University of Crete, 1996.

P. Tsiotra, D. Karagogeos, K. Theodorakis, T.M. Michaelidis, W.S.
Modi, A.J. Furley, T.M. Jessell, J. Papamatheakis, Isolation of the
c¢DNA and chromosomal localization of the gene [TAX1] encoding
the human axonal glycoprotein TAG-1, Genomics 18 (1993) 562—-567.
P. Tsiotra, K. Theodorakis, J. Papamatheakis, D. Karagogeos, The
fibronectin domains of the neural adhesion molecule TAX-1 are nec-
essary and sufficient for homophilic binding, J. Biol. Chem. 271
(1996) 29216-29222.

E. Wingender, X. Chen, R. Hehl, H. Karas, I. Liebich, V. Matys, T.
Meinhardt, M. Prub, 1. Reuter, F. Schacherer, TRANSFAC: an inte-
grated system for gene expression regulation, Nucleic Acids Res. 28
(2000) 316-319.

D.P. Wolfer, A. Henehan-Beatty, E.T. Stoeckli, P. Sonderegger, H.-P.
Lipp, Distribution of TAG-1/axonin-1 in fibre tracts and migratory
streams of the developing mouse nervous system, J. Comp. Neurol.
345 (1994) 1-32.

D.P. Wolfer, R.J. Giger, M. Stagliar, P. Sonderegger, H.-P. Lipp, Ex-
pression of the axon growth-related neural adhesion molecule TAG-1/
axonin-1 in the adult mouse brain, Anat. Embryol. 197 (1998)
177-185.

M. Yamamoto, A.M. Boyer, J.E. Crandall, M. Edwards, H. Tanaka,
Distribution of stage-specific neurite-associated proteins in the de-
veloping murine nervous system recognized by a monoclonal anti-
body, J. Neurosci. 6 (1986) 3576—3594.

M. Yamamoto, L. Hassinger, J.E. Crandall, Ultrastructural local-
ization of stage specific neurite-associated proteins in the develop-
ing rat cerebral and cerebellar cortices, J. Neurocytol. 19 (1990)
619-627.

Y. Yoshihara, M. Kawasaki, A. Tamada, S. Nagata, H. Kagamiyama,
K. Mori, Overlapping and differential expression of BIG-2, BIG-1,
TAG-1, and F3: four members of an axon-associated cell adhesion
molecule subgroup of the immunoglobulin superfamily, J. Neurobiol.
28 (1995) 51-69.



	The upstream regulatory region of the gene for the human homologue of the adhesion molecule TAG-1 contains elements driving neural specific expression in vivo
	Introduction
	Materials and methods
	Isolation of human TAG-1 genomic clones
	Computer analysis of the upstream sequence and mapping of the transcriptional start site
	Preparation of the transgenic construct and generation of transgenic lines
	Analysis of transgenic animals
	In situ hybridization

	Results
	Characterization of the upstream sequence of the TAX-1 gene
	In vivo analysis of the TAX-1 upstream sequence
	Embryonic expression
	Postnatal and adult expression
	The transgene expression partially recapitulates the endogenous TAG-1 pattern

	Discussion
	Acknowledgements
	References


