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ABSTRACT The neural cell adhesion molecule (N-CAM)
mediates cell–cell interactions and is expressed in character-
istic spatiotemporal patterns during development. In previous
studies of factors that control N-CAM gene expression, we
identified a binding site for the paired domain of Pax proteins
(designated PBS) in the mouse N-CAM promoter. In this
study, we demonstrate that a transcription factor known to be
important for development of the central nervous system,
Pax-6, binds to the N-CAM PBS and show that the PBS can
influence N-CAM expression in vivo. Pax-6, produced in
COS-1 cells, bound to the PBS through two half-sites, PBS-1
and PBS-2; mutations in both of these sites completely dis-
rupted binding. Moreover, nuclear extracts from embryonic
day (E) 11.5 mouse embryos bound to the PBS, and this
binding was inhibited by antibodies to Pax-6. To determine the
role of the PBS in vivo, we generated transgenic mice with
N-CAM promoterylacZ gene constructs containing either a
wild-type or a mutated PBS. Mutations in PBS-1 and PBS-2
decreased the extent of b-galactosidase expression in the
mantle layer of the spinal cord limiting it to ventral regions at
E11.5. At E14.5, these mutations eliminated most of the
expression that was seen in the wild-type spinal cord. Taken
together with our previous observations that the PBS binds
multiple Pax proteins, the data indicate that such binding
contributes to the regulation of N-CAM gene expression
during neural development.

The neural cell adhesion molecule (N-CAM) is a member of
the immunoglobulin superfamily that is expressed in precise
patterns in the nervous system and in a variety of other tissues
during development (1, 2). N-CAM is expressed in the neu-
roectoderm shortly after neural induction and regulation of its
expression has been correlated with the migration and differ-
entiation of neural crest cells (3, 4). Alterations in the function
and expression of N-CAM result in perturbations of tissue
patterns during development and of nerve regeneration in the
adult (5–7). These findings suggest that identification of the
factors that regulate the spatiotemporal expression of N-CAM
could provide significant insights into the role of this molecule
in neural morphogenesis.
We and others (8–11) have identified important cis regula-

tory elements that control the place-dependent expression of
N-CAM during development. The promoter for the mouse
N-CAM gene contains several homeodomain binding sites
(HBS) that interact with a number of homeodomain transcrip-
tion factors including HoxB-9, HoxB-8, HoxC-6, Phox-2, and
Cux (9–11). These proteins were shown in cellular cotransfec-
tion experiments to activate or repress N-CAM gene expres-

sion. Moreover, mutations in the HBS sequences altered the
expression of an N-CAM promoterylacZ fusion gene in the
spinal cord of transgenic mice (12). These data support the
hypothesis that the N-CAM promoter is a target for several
homeodomain proteins that control the spatiotemporal pat-
tern of N-CAM expression during embryogenesis (13, 14).
Recently, we have examined regulation of the N-CAM gene

by members of the Pax family of transcription factors (15, 16),
which contain a 128-amino acid DNA binding structure called
the paired domain that was first described in the paired gene
of Drosophila melanogaster (17). The paired domain binds to a
GTTCC motif in the promoter for the Drosophila even skipped
gene (18) and to a 21-bp consensus sequence (19, 20). Four Pax
proteins (Pax-3, -4, -6, and -7) also contain a homeodomain
that can recognize classical HBS sequences containing ATTA
motifs (21).
To identify DNA elements in the N-CAM promoter that

bind to the paired domain of Pax proteins, we initially exam-
ined binding and regulation of the N-CAM promoter by
Pax-8—a protein that contains a paired domain, but no
homeodomain. A binding site for Pax-8 was identified up-
stream of the AUG codon between 2101 and 281 in the
N-CAM promoter (16). This region contained two TGCTCC
motifs, designated PBS-1 and PBS-2 (for paired domain bind-
ing sites), which are similar to the GTTCC motif shown
previously to bind the paired domain of Pax-1 and Pax-3 (22).
In the present study, we examine the contribution of the PBS

to binding and activation of the N-CAM promoter by Pax-6, a
protein containing both a paired domain and a homeodomain.
To examine further the role of the PBS in vivo, we produced
transgenic mice expressing the lacZ gene under the control of
a wild-type N-CAM promoter or an N-CAM promoter con-
taining mutations in the PBS. The results of these studies
indicate that the PBS plays a key role in the regulation of
N-CAM gene expression during neural development.

MATERIALS AND METHODS

To express Pax-6 in COS-1 cells, the Pax-6 cDNA was inserted
into the SRa expression vector (23) downstream of the hem-
agglutinin (HA) tag. Cells were transfected with 10 mg of the
Pax-6HA plasmid using lipofectamine (GIBCOyBRL), har-
vested 72 h posttransfection, and lysed in 100 ml of buffer (24).
Protein concentration of the extracts was determined as de-
scribed (25). Nuclear extracts were prepared as described (26)
from the head and spinal cord of embryonic day (E) 11.5
mouse embryos.
Probes containing the wild-type (N-CAMyPBS) or mutated

(PBSyDM, PBS-1y3M, and PBS-2y3M) PBS sequences (see
Fig. 1) were constructed from 40-bp double-stranded oligo-
nucleotides. Annealed oligonucleotides (5 pmol) were radio-The publication costs of this article were defrayed in part by page charge
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labeled using the Klenow fragment of Escherichia coli DNA
polymerase and [32P]dCTP (3000 Ciymmol; 1 Ci 5 37 GBq)
(DuPontyNEN). Probes were separated by electrophoresis on
a 10% polyacrylamide gel, eluted, and resuspended in H2O at
25,000 cpmyml. Electrophoretic mobility shift assays were
performed with 25,000 cpm of probe and 5 mg of Pax-6HA-
transfected or mock-transfected COS-1 cell extracts in binding
buffer [10 mM Hepesy200 mM KCly0.5 mM DTTy0.1%
Nonidet P-40y100 ng/ml poly(dIzdC)y10 mg bovine serum
albumin]. Components were incubated at room temperature
for 30 min and separated by electrophoresis on a 5% poly-
acrylamide gel in 0.253 TBE at 300 V for 2.5 h. Competitors
were added at either 100-, 250-, or 500-fold molar excess. For
supershift assays, 1 ml of a mAb to the HA tag was added to
the binding mixture. Binding reactions involving embryonic
nuclear extracts were performed by incubating 10 mg of
nuclear extract with 50,000 cpm of PBS probe as described
above.
For promoter activation assays, a N2A neuroblastoma cell

line permanently expressing Pax-6 was transfected with re-
porter gene constructs prepared in the pCATbasic plasmid
(Promega). One construct contained the 2414 to 215 region
of the N-CAM promoter driving the chloramphenicol acetyl-
transferase (CAT) gene and the other contained a similar
promoter with mutations in PBS-1 and PBS-2 made by site-
directed mutagenesis (Bio-Rad). CMVb, a b-galactosidase
(b-gal) expression plasmid (CLONTECH), was cotransfected
to provide an internal reference standard for transfection
efficiency. CAT activity assays and quantitation were per-
formed as described (16).
For transgenic mice, two N-CAM promoterylacZ gene

cassettes were constructed in the pLacF vector. Construction
of the wild-type N-CAM gene construct (N-CAMyPBS1) has
been described (12). The N-CAMyPBS2 gene construct was
prepared by site-directed mutagenesis as described above.
These transgenes were introduced into the RC6 mouse ge-
nome by standard oocyte microinjection techniques (27). F0
progeny were screened for the presence of the transgene by
Southern analysis and PCR as described (12). Animals positive
for the transgene were mated with C57BL6 mice to establish
individual lines. Embryos were collected at E11.5 and E14.5,
fixed in 1% formaldehydey0.25% glutaraldyhyde in phos-
phate-buffered saline for 30 min at 48C, and washed with
0.02% deoxycholate in phosphate-buffered saline. E11.5 em-
bryos were stained in whole-mount while E14.5 embryos were
either sectioned on a cryostat or vibratome. b-Gal activity was
detected as described (12). For in situ hybridization, mouse
embryos were fresh frozen at 2708C. Cryosections (20 mm)
were hybridized to N-CAM RNA probes as described (27).
Antisense and sense digoxigenin-labeled N-CAM cRNA
probes were generated by in vitro transcription of the 183–505
region of mouse N-CAM cDNA. Hybridized probes were
detected with antidigoxigenin IgG Fab fragments conjugated
to alkaline phosphatase and visualized with BM-purple sub-
strate (Boehringer Mannheim).

RESULTS

Pax-6 Binds to the PBS and Activates the N-CAMPromoter.
Previously, we have shown that the N-CAM promoter is
activated by the Pax-8 protein via a PBS containing two
TGCTCC motifs, designated PBS-1 and PBS-2 (16). Compar-
ison of the N-CAM PBS with the consensus binding sequence
for Pax-6 (Fig. 1) reveals an identity of 68% for the entire 21
bp; this identity increases to 81% when the comparison is
restricted to PBS-1 and PBS-2.
To examine Pax-6 binding to the PBS, we tested four

double-stranded probes (Fig. 1) for their ability to bind a
HA-tagged Pax-6 protein (Pax-6HA) produced in COS-1 cells.
The probe designated N-CAMyPBS containing the wild-type

sequences of PBS-1 and PBS-2 was derived from the 2109 to
270 region of the N-CAM promoter. Three variants of the
PBS (PBSyDM, PBS-1y3M, and PBS-2y3M) were also pre-
pared to examine the relative contribution of PBS-1 and PBS-2
to Pax-6 binding. PBSyDM contained mutations in both PBS-1
and PBS-2 that eliminated the TGCTCC motifs. PBS-1y3M
had threemutations in PBS-1, but left PBS-2 intact. PBS-2y3M
contained mutations that eliminated the TGCTCC motif of
PBS-2, but left PBS-1 intact.
In binding assays (Fig. 2), the 32P-labeled PBS probe formed

two complexes with Pax-6HA that were resolved as two bands
on a polyacrylamide gel (Fig. 2A, lane 1, large arrows).
Formation of both complexes was competed by addition of
100-, 250-, and 500-fold molar excess of unlabeled PBS (Fig.
2A, lanes 7, 8, and 9, respectively). 32P-labeled probes con-
taining the PBSyDM mutation and PBS-2y3M mutation,
which have an unmutated PBS-1 sequence, failed to bind
Pax-6HA (Fig. 2A, lanes 2 and 3). Thus, PBS-1 alone cannot
bind Pax-6. Furthermore, as competitors, PBSyDM and PBS-
2y3M did not disrupt Pax-6HA binding to the PBS probe (Fig.
2A, lanes 10–15). Mutation of either the TGCTCC motif in
PBS-2 or both motifs in PBS-1 and PBS-2 were therefore
sufficient to eliminate Pax-6HA binding. PBS-1y3M, contain-
ing an unmutated PBS-2, bound to Pax-6HA (Fig. 2B), and
95% of the radioactivity was found in the lower band (Fig. 2B,
lane 3); this indicates that PBS-1 is required for formation of
the upper band. These data suggest that Pax-6 binding to
PBS-2 forms the complex represented by the lower band (Fig.
2B, arrow designated 2) and binding to PBS-1 and PBS-2 form
the complex represented by the upper band (Fig. 2B, arrow
designated 112).
To confirm that the complexes formed with the N-CAMy

PBS contained the HA-tagged Pax-6 protein, supershift assays
were performed using amAb to theHA tag (Fig. 2C). Addition
of the antibody resulted in the formation of a supershifted
complex (Fig. 2C, lane 2) while the intensity of the bands
corresponding to the Pax-6HA complexes was reduced. A
mAb to an unrelated molecule (Ng-CAM) did not supershift
the complexes (Fig. 2C, lane 4). Formation of the supershifted
complex was competed by 500-fold molar excess of unlabeled
PBS (Fig. 2C, lane 3).
The N-CAM PBS also bound to proteins in nuclear extracts

from E11.5 embryos (Fig. 3A, lane 1, arrow). This binding was
inhibited by addition of an excess of unlabeled PBS (Fig. 3A,
lanes 3 and 4). The PBS double mutant, PBSyDM, neither
inhibited formation of this complex (Fig. 3A, lanes 5 and 6) nor
bound directly to these extracts (Fig. 3A, lane 2). To determine
whether Pax-6 was a component of the complex formed by
embryonic nuclear extracts, we prepared a Pax-6 polyclonal
antiserum and tested its ability to block or supershift the

FIG. 1. Comparison of the PBS in the N-CAM promoter to a
consensus binding sequence for Pax-6. The TGCTCC motifs compris-
ing PBS-1 and PBS-2 are highlighted within a box. Homology between
the PBS and a Pax-6 consensus sequence selected from random
oligonucleotides (20) is indicated by vertical lines. Base pair substitu-
tions in the mutant probes PBSyDM, PBS-1y3M, and PBS-2y3M are
shown in boxes. PBSyDM contained mutations in both PBS-1 and
PBS-2, PBS-1y3M had three mutations in PBS-1, and PBS-2y3M
contained three mutations in PBS-2.
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DNAyprotein complex. In immunoblot analyses, this anti-
serum identified Pax-6 protein produced in Cos-1 cells, cross-
reacted only slightly with Pax-3 and Pax-8 (1y20th of the
reactivity as compared with Pax-6) (data not shown). As shown

in Fig. 3B, the Pax-6 antiserum completely inhibited formation
of the DNAyprotein complex when either a 1:100 or 1:10
dilution was added to the binding reaction (Fig. 3B, lanes 2 and
3). Formation of this complex was not inhibited by a similar
concentration of preimmune rabbit serum (Fig. 3B, lane 4).
These data indicate that Pax-6 is a major component of the
complex formed between the PBS and E11.5 embryonic
nuclear extracts.
To examine the role of PBS-1 and PBS-2 in the control of

N-CAM promoter activity by Pax-6, we tested two N-CAM
gene constructs containing the CAT reporter gene driven
either by the wild-type N-CAM promoter (2414y215) or a
similar promoter containing mutations in PBS-1 and PBS-2
(2414y215 M12) in a N2A neuroblastoma cell line that stably
expresses the Pax-6 cDNA (Fig. 4). These cells expressed
10-fold more Pax-6 mRNA than untransfected N2A cells as
determined by an RNase protection assay (data not shown). As
illustrated in Fig. 4, 73% of CAT activity driven by the N-CAM
promoter was abolished when PBS-1 and PBS-2 were mutated.
These data indicate that PBS-1 and PBS-2 are required for
high levels of N-CAM promoter activity in cells expressing
Pax-6.
The PBS Controls Expression of the N-CAM Gene in Vivo.

To examine the role of the PBS in place-dependent expression
of N-CAM in vivo, we introduced two constructs into trans-
genic mice (Fig. 5). The first construct, designated N-CAMy
PBS1, contained 6.5 kb of 59 f lanking sequence of the mouse
N-CAM gene comprising the native PBS-1 and PBS-2, a
portion of the first exon, and the bacterial lacZ gene. The
second construct, designated N-CAMyPBS2, was identical to
N-CAMyPBS1 except that PBS-1 and PBS-2 were replaced by
the PBSyDM mutation. Three lines of N-CAMyPBS1 mice
and four lines of N-CAMyPBS2 mice were generated and
examined for b-gal expression both in whole-mount and
transverse sections. In toto, 41 N-CAMyPBS1 and 38
N-CAMyPBS2 embryos were examined. In all embryos ana-
lyzed, b-gal was expressed in a subset of the tissues known to

FIG. 2. Binding of Pax-6HA protein to the N-CAM PBS. (A) Pax-6HA expressed in COS-1 cells (lanes 1–3) and mock-transfected COS-1 cell
extracts (lanes 4–6) were incubated with either 32P-labeled PBS (lanes 1, 4, and 7–15), PBSyDM (lanes 2 and 5), or PBS-2y3M (lanes 3 and 6).
Complexes formed by Pax-6HA and the PBS probe are indicated by arrows labeled 2 and 112. A minor complex formed by both the Pax-6HA
andmock-transfected COS-1 extracts is indicated by an asterisk. A 100-, 250-, or 500-fold molar excess of either unlabeled PBS (lanes 7–9), PBSyDM
(lanes 10–12), or PBS-2y3M (lanes 13–15) were added as competitors. (B) Pax-6HA extracts were incubated with the PBS probe (lane 1), PBSyDM
(lane 2), or PBS-1y3M (lanes 3). DNAyprotein complexes are indicated by arrows labeled 2 and 112. (C) Supershift analysis. Pax-6HA was
incubated with the 32P-labeled PBS probe and either 1 ml of HA tag antibody (lanes 2 and 3), an antibody to Ng-CAM (NAS) (lane 4), or no antibody
(lane 1). In lane 3, 500-fold excess of unlabeled PBS was added as competitor. The supershifted Pax-6yPBS complex is indicated by the arrow.

FIG. 3. Pax-6 in mouse embryonic nuclear extracts binds to the
PBS. (A) Nuclear extracts fromE11.5 embryos incubated with the PBS
probe (lanes 1 and 3–6) or PBSyDM (lane 2) formed complexes
indicated by an arrow. In lanes 3–6, a 100- or 250-fold molar excess of
unlabeled PBS (lanes 3 and 4) or PBSyDM (lanes 5 and 6) was added
as competitor. (B) Embryonic extracts were incubated with PBS probe
and 5 ml of either a 1:10 (lane 2) or 1:100 (lane 3) dilution of anti-Pax-6
rabbit serum or a 1:10 dilution of normal rabbit serum (RS) (lane 4).
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express N-CAM and was never observed in tissues outside of
those that normally express N-CAM. In the head, staining was
consistently observed in the developing eyes (including the lens
and neural retina), the olfactory epithelia, and the mantle layer
of the hindbrain and diencephalon, although the pattern and
intensity varied within these structures. Some lines also showed
staining in the trigeminal ganglia.
At E11.5, the overall pattern of b-gal expression in N-CAMy

PBS2 embryos was similar to that observed in the N-CAMy
PBS1 mice in rostral regions (Fig. 6). An examination of
transverse sections revealed no differences between E11.5
N-CAMyPBS1 and N-CAMyPBS2 embryos in the b-gal
staining pattern in the brain, eyes, and olfactory epithelia (data
not shown). In the spinal cord, however, the b-gal expression
pattern in N-CAMyPBS2 mice was considerably different
from that observed in N-CAMyPBS1 embryos. N-CAMy
PBS1 embryos showed b-gal staining along the entire antero-
posterior length of the spinal cord at E11.5 (Fig. 6A). In
transverse sections (Fig. 6B) b-gal staining was observed
throughout the mantle layer and in dorsal root ganglia. This
pattern was comparable to N-CAM mRNA expression in the
spinal cord as detected by in situ hybridization (Fig. 6G). In

contrast, b-gal expression in E11.5 N-CAMyPBS2 embryos
(Fig. 6D) was limited to a small population of cells in the most
ventral region of the spinal cord (Fig. 6E). This pattern of
expression did not extend into the alar plate as was observed
in N-CAMyPBS1 embryos (compare Fig. 6 B with E).
At E14.5, the N-CAMyPBS1 transgene was expressed in

postmitotic neurons throughout the entire spinal cord (Fig.
6C). However, in N-CAMyPBS2 embryos, only a few cells in
the ventral portion of the spinal cord showed expression (Fig.
6F). The combined data indicate that the PBS in the N-CAM
promoter is required to direct and maintain the dorsoventral
pattern of N-CAM expression in the developing spinal cord.

DISCUSSION

As part of an ongoing effort to understand how the expression
of CAMs is controlled during embryogenesis, we have isolated
the promoters for CAM genes, identified specific cis-
regulatory elements, and have begun to characterize the
trans-factors that regulate such expression (9, 16, 28, 29). In the
course of these studies, we identified an element in the
N-CAM promoter called the PBS (16) that binds the paired
domain—a DNA binding structure common to the Pax family
of transcription factors that regulate neural development (22,
30, 31). The N-CAM PBS is composed of two half-sites (PBS-1
and PBS-2) and is related to the consensus binding sequence
for several different Pax proteins (19, 20, 32). The PBS was
originally identified (16) as a sequence that is bound by Pax-8
(a protein containing the paired domain but no homeodomain)
that is known to be expressed in a rostral-caudal pattern in the
metencephalon and spinal cord (22).
Here we show that the PBS also binds to Pax-6, a protein

containing both a paired domain and a homeodomain that is
known to be important for the development of the central
nervous system, eye, and olfactory system. In transgenic mice,
we found that mutations in the PBS altered expression of the
N-CAM promoter in the spinal cord, indicating that a binding
site for Pax proteins can influence N-CAM expression in vivo.
Together with our previous work (16) the results support the
conclusion that several members of the Pax gene family may
regulate N-CAM expression via the PBS.
A model for Pax-6 binding to DNA has been proposed (32)

which suggests that the paired domain binds as a monomer to
two half-sites within the Pax-6 binding sequence. In this model,
the amino-terminal portion of the paired domain makes initial
contact with one half-site, resulting in a conformational
change in the protein that allows interaction of the carboxyl-
terminal subdomain with the other half-site. We believe that
the TGCTCC motifs in PBS-1 and PBS-2 represent such
half-sites. In our experiments, Pax-6 formed two prominent
complexes with the PBS (upper and lower bands, Fig. 2). The
TGCTCC motif of PBS-2 was required to observe any binding
of Pax-6 to the PBS, indicating that PBS-2 may represent an
initial contact point for Pax-6. When PBS-1 was mutated
leaving only PBS-2 intact, only one complex (the lower band)
was observed. Although Pax-6 could bind to PBS-2 alone, both
PBS-1 and PBS-2 together were required to form the upper
band. Thus, in accord with the monomer model (32), the lower
complex most likely represents Pax-6 binding to PBS-2 and the
upper complex represents Pax-6 binding to PBS-1 and PBS-2.
In transgenic mice, the PBS was essential for normal pat-

terning of N-CAM gene expression in the spinal cord. At
E11.5, mutations in the PBS disrupted the expression of
N-CAM in the mantle layer. At E14.5, in marked contrast to
the intense expression observed in lines with the wild-type
N-CAM promoter, b-gal expression by the PBS mutant was
barely detectable in the spinal cord. These observations dem-
onstrate that the PBS is not only required for proper dorso-
ventral patterning but also for maintenance of N-CAM ex-
pression in the spinal cord. A more extensive analyses of the

FIG. 4. Mutations in PBS-1 and PBS-2 decrease N-CAM promoter
activity in a N2A cell line stably expressing Pax-6. Cells were trans-
fected with 0.5 mg of CMVb and 2 mg of either a CAT gene construct
driven by the 2414y215 N-CAM, a similar construct (designated
2414y215 M12) with mutations in PBS-1 and PBS-2, or the promot-
erless CAT gene (pCATbasic). CAT assays were performed in dupli-
cate. The numbers refer to the relative levels of CAT activity produced
by each construct.

FIG. 5. Schematic representation of the 59 f lanking region of the
mouse N-CAM gene showing N-CAMyPBS1 and N-CAMyPBS2
transgenes. Arrows represent transcription initiation sites. The site of
translation initiation is designated as 11. The sequence of the PBS,
and the base pair substitutions made in the PBS-1 and PBS-2 in
N-CAMyPBS2 are indicated. The location of the HBS in the N-CAM
promoter is also shown.
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b-gal-expressing cells using defined neuronal and glial markers
will be required to determine which cell populations lose
N-CAM expression when the PBS is mutated.
All transgenic lines carrying the native N-CAM promoter

showed b-gal expression in the nervous system. However, each
line represented only a particular subset of the overall N-CAM
expression pattern. These findings suggest that additional
regulatory elements located elsewhere may be required to
insulate the promoter and stabilize the neural pattern. Similar
variability was observed in the N-CAM yPBS2 mice. Despite
this variability, the loss of N-CAM expression in the spinal
cord produced by the PBS mutation was consistently found in
all cases.
Pax-8 (16), Pax-6, and other Pax proteins (15) bind to and

regulate the N-CAM promoter in vitro, raising the possibility
that several Pax proteins may regulate N-CAM expression in
vivo. Inputs from several Pax proteins may need to be per-
turbed to produce alterations in the pattern of N-CAM
expression. Consistent with this notion, mutations in the PBS
disrupted N-CAM expression in the spinal cord where multi-
ple Pax genes are expressed, but not in the rostral central
nervous system where only Pax-6 is expressed (33–35). Recent
binding studies in our laboratory also indicate that at least one

other site upstream of the PBS binds to the paired domain of
Pax-6 in a sequence-specific manner (unpublished results).
Thus, mutations in combinations of Pax-6 binding sites may be
required to disrupt N-CAM expression in anterior structures
where Pax-6 has been observed to have phenotypic effects
(36–38). It has been found, for example, that mutations in not
one, but any two out of three, binding sites for the homeodo-
main protein Pbx-1 are necessary to eliminate expression of the
HoxB1 gene in the fourth rhombomere during hindbrain
development (26).
Pax-6may also bind via its homeodomain to other sites in the

N-CAM promoter. Pax proteins such as Pax-6 having paired
homeodomains can form dimers on classical HBS containing
the TAAT motif (21) and have been proposed to engage in
multiple binding modes depending on the presence or avail-
ability of PBS and HBS sequences within target promoters
(39). Although Pax-6 does not appear to bind directly to the
HBS in the N-CAM promoter (unpublished results), it may
interact with proteins bound to the HBS. These proteins
include members of the Hox family and Phox-2 which are
known to bind to the HBS and regulate N-CAM promoter
activity (9–11). These various interactions may lead to unique
patterns of N-CAM expression during embryogenesis. In this

FIG. 6. Expression of b-gal in N-CAMyPBS1 and N-CAMyPBS2 transgenic embryos. Stained whole-mounts of E11.5 N-CAMyPBS1 (A) and
N-CAMyPBS2 embryos (D). Cross sections of either N-CAMyPBS1 (B and C) or N-CAMyPBS2 (E and F) embryos were taken at a lumbar
position indicated by the arrows in A and D at either E11.5 (B and E) or E14.5 (C and F). In situ hybridization for N-CAM mRNA at the same
lumbar cross section of an E11.5 embryo is shown in G.
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connection, it is pertinent that mutations in either the HBS
(12) or the PBS both lead to the ventralized expression of lacZ
in the spinal cord at E11.5 and cause an absence of lacZ
expression at E14.5. These findings suggest that the HBS and
PBS may be required either individually or combinatorially to
ensure proper expression of N-CAM in the spinal cord.
While this and our previous studies suggest that the PBS in

the N-CAMgene is a target of Pax proteins, and that mutations
in the PBS disrupt the neural expression of N-CAM, it remains
a challenge to identify the particular Pax proteins that carry out
patterning in vivo. To accomplish this, it will be necessary to
breed mice carrying the wild-type N-CAM promoterylacZ
mice to mice in which specific Pax genes are mutated, deleted,
or overexpressed and then examine alterations of N-CAM
expression in these mutant backgrounds. It should be partic-
ularly informative to mate the N-CAMyPBS1mouse with the
Small eye mouse (36) containing mutations in the Pax-6 gene.
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