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ABSTRACT Tenascin (TN) is an extracellular matrix
glycoprotein that is expressed in a characteristic spatiotem-
poral pattern during development and is up-regulated in the
adult during tumorigenesis, wound healing, and nerve regen-
eration. In previous studies, we identified a promoter within
the proximal 250 bp upstream of the mouse TN gene that
contains several putative regulatory elements that are con-
served among vertebrate TN genes. We have identified four
different DNA elements within this promoter and show that
they contribute in different ways to TN gene expression in NIH
3T3 fibroblasts, C6 glioma cells, and N2A neuroblastoma
cells. These elements comprise a binding site for Krox pro-
teins, one for nuclear factor 1, an octamer motif that binds
POU-homeodomain proteins, and a novel TN control element.
The nuclear factor 1 and TN control element had positive
effects on TN promoter activity and formed similar DNA–
protein complexes with nuclear extracts from all three cell
lines. The Krox element had a negative effect on TN promoter
activity in N2A cells, a positive effect in C6 cells, and no effect
in NIH 3T3 cells. Two DNA binding complexes, one correlated
with the negative and the other with the positive activities of
the Krox element, were found to contain the protein Krox24.
In cotransfection experiments, the octamer motif was re-
quired for induction of TN promoter activity by the POU-
homeodomain protein Brn2 in N2A cells but was inactive in C6
cells. Consistent with these findings, N2A cells transfected
with Brn2 formed octamer-binding complexes containing
N-Oct3, the transcriptionally active form of Brn2, whereas
complexes formed in C6 cells contained only N-Oct5A and
N-Oct5B. Our results provide a striking example of the
diversity of regulatory mechanisms that can be called forth by
combining different promoter motifs with transcriptional
activators or repressors.

A key problem of developmental biology is to understand how
the expression of genes is regulated in a spatiotemporally
coordinated fashion leading to place-dependent morphogen-
esis. Cell adhesion molecules and extracellular matrix proteins
play central roles in morphogenesis through their ability to
exert mechanical effects on cell aggregation and migration.
One particular extracellular matrix cellular glycoprotein af-
fecting such cellular interactions is tenascin (TN), also called
cytotactin. TN has a modular structure composed of epidermal
growth factor repeats, fibronectin type III repeats, and a
globular domain resembling the b and g chains of fibrinogen
(1). TN has both adhesive and counteradhesive effects on cells,
and its binding can alter cell shape, physiology, and migration
patterns. Several of these activities have been ascribed to

specific structural domains within the molecule that bind to a
number of different cell surface receptors, including members
of the integrin family (2, 3).
In the central and peripheral nervous system, TN is ex-

pressed by glia and regulates neuronal migration (4–7). Out-
side of the nervous system, TN is expressed at sites of
embryonic induction, particularly where cells undergo exten-
sive epithelial–mesenchymal transformations such as the lung,
mammary gland, kidney, and teeth (8). TN is also known to be
stimulated by growth factors of the transforming growth factor
type b and basic fibroblast growth factor families (9, 10). In the
adult, expression of TN is reinduced both during wound
healing and nerve regeneration, and in a variety of tumor cells,
including neuroblastomas and gliomas (8, 11–13).
As a basis for understanding the factors that control the

different contexts of TN gene expression in vertebrates, we
have identified the promoters for the chicken and mouse TN
genes (14, 15). The chicken TN promoter contains a number
of regulatory elements, including a binding site for homeodo-
main (HD) proteins (14). In cellular cotransfection experi-
ments, this promoter was activated by the homeobox gene
Evx-1, a homologue of the even-skipped gene from Drosophila
(16). During vertebrate development, TN is expressed in a
cephalocaudal pattern during somite formation (4), and re-
cently, a TN-like pair-rule gene from Drosophila called tenmy
odz has been shown to be expressed in a segmented seven-
stripe pattern that overlaps with that of even-skipped (17, 18).
Thus, the control of TN-like molecules during both inverte-
brate and vertebrate development may be regulated by related
pattern-forming genes.
In our previous studies of the mouse TN promoter (15), the

proximal 250 bp upstream of the RNA start site accounted for
the majority of TN promoter activity in mouse NIH 3T3 cells
and chicken embryo fibroblasts (15). In this study, we show that
four DNA sequences contribute to different aspects of TN
gene regulation in different cell lines. These sequences are
conserved among the vertebrate TN proximal promoters (14,
15, 19) and contain binding sites for Krox, nuclear factor 1
(NF-1), and POU-HD proteins, and a novel TN control
element (TCE).

MATERIALS AND METHODS

All molecular biological techniques were performed as de-
scribed (20). The 59 deletions in the TN promoter were
generated by PCR using the 4.2-kb TN genomic fragment (15)
as template, and fragments were inserted in the promoterless
vector pBasic (Promega). Full-length cDNAs for Krox20,
Krox24, Brn2, Brn4, and SCIP were generated by reverse
transcription–PCR and inserted into the EcoRI–HindIII sites
of a modified pcDNA3 expression vector (Invitrogen) con-
taining an N-terminalmyc tag. Proteins of the correct size were
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produced from these gene constructs using an in vitro tran-
scriptionytranslation system (Promega).
Mouse NIH 3T3 cells were cultured in DMEM (Life Tech-

nologies, Gaithersburg, MD) containing 10% calf serum. N2A,
C6, and COS-1 cells were maintained in DMEM containing
10% fetal bovine serum. Cells were transfected with constructs
using lipofectamine (Life Technologies) as described (15). For
cotransfection experiments, POU-HD effector plasmids (1.6
mg) were cotransfected in N2A or C6 cells with 0.4 mg of either
TN11 or TN12 promoter construct and 0.4 mg of the CMV-
bgal plasmid as described (15). Chloramphenicol acetyltrans-
ferase assays were performed as described (15) and quanti-
tated using a PhosphorImager (Molecular Dynamics). The
chloramphenicol acetyltransferase activities presented in Ta-
bles 1 and 2 are the average of six independent experiments,
performed in duplicate.
For binding experiments, nuclear extracts were prepared as

described from NIH 3T3 cells (21), and C6, N2A, and COS-1
cells (22). DNase I footprinting analysis was performed as
described (21) using a probe generated by PCR with an
end-labeled 59 primer (bases 2287 to 2266), a 39 primer
complementary to bases 115 to 27, and the 4.2-kb fragment
of the TN gene as template (15). Oligonucleotides correspond-
ing to the Krox, TCE, NF-1, and octamer elements were
annealed, and probes were purified on a 6% polyacrylamide
gel. For electrophoretic mobility-shift assays (EMSAs), 5 pmol
of probes was end-labeled using the Klenow fragment of DNA
polymerase I (Boehringer Mannheim). Between 2 and 7.5 mg
of nuclear extract was preincubated in a buffer containing 12
mM Hepes (pH 7.9), 4% Ficoll type 400, 0.1% Nonidet P-40,
0.5 mM DTT, 100–200 mM KCl, 10 mg of BSA, and 1 mg of
dIydC for 10 min at room temperature. Approximately 20,000
cpm (15–20 fmol) of probe was then added, and binding
reactions were incubated for an additional 30 min. Competitor
DNAs were added simultaneously with probe. For supershift
analyses, either a polyclonal antibody to Krox24 (Santa Cruz
Biotechnology) or a monoclonal antibody to the N-terminal
myc tag (Invitrogen) were preincubated with nuclear extract
for 10 min before addition of probe. Complexes were resolved
on 6%y0.253 Tris-borate polyacrylamide gels. For the South-
western blot analyses, NIH 3T3 extracts (64mg) were separated
on a 4.5–15% polyacrylamide gradient gel (Bio-Rad) and
electroblotted to nitrocellulose. Transferred proteins were
denatured in 6 M guanidine hydrochloride, renatured, and
hybridized with a probe containing 6 tandem copies of the
TCE as described (23). For immunoblot analyses of Brn2, 30
mg of cell extracts was heated at 1008C, separated on a
polyacrylamide gradient gel, and electroblotted to nitrocellu-
lose. The blot was blocked in 0.1% Triton X-100 in phosphate-
buffered saline with 1.5% bovine serum albumin. Brn2 pro-
teins were detected using a monoclonal anti-myc primary
antibody, a secondary rabbit anti-mouse IgG (H and L)
polyclonal antibody (Zymed), and 125I-protein A.

RESULTS

Activity of TN Promoter Elements. Several regulatory ele-
ments are conserved in the promoters from the chicken,
mouse, and human TN genes (14, 15, 19). These sequences
(Fig. 1) include a Krox element, an octamer motif, a binding
site for NF-1, homopolymeric tracts of dAydT, and a binding
site for Antennapedia class HD proteins. To determine how
these and other elements contribute to TN promoter activity,
we prepared a series of chloramphenicol acetyltransferase
reporter constructs in which elements were successively de-
leted from the 59 end of the promoter (Fig. 1). These constructs
were transfected into mouse NIH 3T3 fibroblasts, rat C6
glioma cells, and mouse N2A neuroblastoma cells, all of which
show expression of TN mRNA by reverse transcription–PCR
(data not shown).

As shown in Table 1, deletion of each element from the TN
promoter resulted in activity profiles that were cell-type-
dependent. Deletion of the Krox element (compare TN9 to
TN7) did not affect TN promoter activity in NIH 3T3 cells,
resulted in a 30% reduction of activity in C6 cells, and
increased activity 2-fold in N2A cells. Deletion of an additional
20 bp (the TCE) from 2247 (TN7) to 2227 (TN10) resulted
in a 25% reduction in NIH 3T3 cells, a negligible reduction in
C6 cells, and a 70% reduction of promoter activity in N2A
cells. Deletion of the poly(dT) tract (TN11) reduced promoter
activity 20% in NIH 3T3 cells but showed negligible effects on
activity in both C6 and N2A cells. Deletion of the octamer
motif (TN12) resulted in a 25% increase in chloramphenicol
acetyltransferase activity in C6 cells but had no effect in the
other two cell lines. Deletion of the NF-1 site (TN13) resulted
in a significant reduction of promoter activity in all three cell
lines: 60% in NIH 3T3, 70% in C6, and 40% in N2A cells
(Table 1). Moreover, the TN12M construct containing a
two-base substitution in the NF-1 site (see Fig. 1), which has
been shown to abolish binding of NF-1 (24), reduced TN
promoter activity between 55% and 80% relative to TN12 in
all three cell lines (Table 1). Deletion of the remaining 122 bp,
including a poly(dA) tract and an Antennapedia HD binding
site (TN8), had little effect on TN promoter activity in NIH
3T3 and C6 cells, but resulted in a 2-fold increase in activity in
N2A cells. These data indicate that the NF-1 site is essential
for the positive activity of the TN proximal promoter in all
three cell lines. Other elements such as binding sites for Krox
proteins, the region between 2247 and 2227 (hereafter
designated the TCE), and the poly(dA)yAntennapedia HD
region have different cell-specific effects on TN promoter
activity.

FIG. 1. Sequence of the proximal promoter of the mouse TN gene.
The 59 terminus for each deletion construct is indicated with a right
arrow, and regulatory elements are indicated with boxes. The pro-
moter region protected in footprinting experiments is indicated by a
shaded box. The NF-1 site within this region is indicated, and the two
mutations made in the NF-1 site are shown under the small vertical
arrows.

Table 1. Relative activity of TN promoter constructs

Construct
Element(s)
examined

Relative activity

NIH 3T3 C6 N2A

TN9 Krox 28.2 30.0 11.4
TN7 TCE 28.2 20.8 23.0
TN10 dT 22.0 18.4 8.0
TN11 octamer 16.6 16.3 7.4
TN12 NF-1 16.1 20.6 6.1
TN12M NF-1 mut 4.5 3.6 2.8
TN13 dA; Ant-HD 9.8 6.6 2.4
TN8 TATA 7.1 5.7 5.2
pBasic NyA 1.0 1.0 1.0

NyA, Not applicable.
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Binding and Activity. To determine whether the four TN
promoter elements bind nuclear proteins and to relate the
formation of DNA–protein complexes to the positive or neg-
ative activities of these elements in each cell type, a series of
binding experiments was carried out; these experiments in-
volved the regulatory elements and nuclear extracts isolated
from the different cell lines. The Krox element, which showed
both positive and negative effects on TN promoter activity,
formed different complexes in each of these cell lines. The
TCE and NF-1 site, each of which contributed to positive
regulation of the TN promoter, each showed similar patterns
of bound complexes in EMSA experiments in all three cell
lines. The octamer motif had no effect in deletion experiments
but in cotransfection experiments was found to be required for
the induction of TN promoter activity by Brn2. We consider
below the detailed data for each of the elements, Krox, TCE,
NF-1, and octamer, in order.
Binding Complexes Formed with the Krox Element Are

Correlated with Its Positive and Negative Effects on TN
Promoter Activity.Deletion of the Krox element had no effect
in NIH 3T3 cells, a negative effect in C6 cells, and a positive
effect in N2A cells (Table 1). In binding experiments using the
Krox element with nuclear extracts from the three cell lines,
three different DNA–protein complexes (complexes 1–3; see
Fig. 2A) were observed, and formation of all complexes was
competed with an excess of unlabeled Krox element. Although
complex 3 was observed in all three cell lines, only complexes
1 and 2 were correlated with differences in TN promoter
activity. In NIH 3T3 cells, in which the Krox element did not
affect TN promoter activity, the intensities of complexes 1 and
2 were approximately equal (Fig. 2A, lane 2). In C6 cells, in
which the Krox element enhanced TN promoter activity, only
complex 2 was observed (Fig. 2A, lane 5). In N2A cells, in
which the Krox element reduced TN promoter activity, com-
plex 1 was significantly more abundant than complex 2 (Fig.
2A, lane 8). Thus, complex 2 is correlated with the positive
activity, and complex 1 is correlated with the negative activity
of the Krox element.
Krox20 and Krox24 are proteins that bind to the Krox

element and thus are candidates for regulation of the TN
promoter. To examine whether complexes 1 and 2 contained
these proteins, we prepared expression vectors for Krox20 and
Krox24, transfected them into COS-1 cells, and tested cell
extracts for binding to the TN promoter Krox element. Krox20
did not comigrate with any of the DNA–protein complexes in
NIH 3T3, C6, and N2A cells (data not shown). However, in all
three cell types, Krox24 formed a major band that comigrated
with complex 2 and a minor band that comigrated with
complex 1 (Fig. 2B, compare lanes 2, 4, and 6 to lane 8). These
data indicate that Krox24 is likely to be a component of
complexes 1 and 2. To show this directly, Krox24 containing
the myc tag was produced in COS-1 cells. We then examined
whether a polyclonal antibody to Krox24 or an antibody to the
myc tag could supershift complexes 1 and 2. This Krox24 fusion
protein formed complexes 1 and 2 which were both disrupted
and supershifted when antibodies to Krox24 were included in
the binding reaction (see Fig. 2B and compare lanes 9 and 8).
Addition of an antibody to the myc tag also supershifted these
complexes (Fig. 2B, compare lanes 10 and 8).
Complexes 1 and 2, which were formed between nuclear

extracts from NIH 3T3, C6, and N2A cells and the Krox
element, were also disrupted and supershifted with an anti-
body to Krox24. In NIH 3T3 cells, Krox24 antibody eliminated
complex 2, decreased the amount of complex 1, and produced
a supershifted Krox24 complex (Fig. 2B, compare lane 3 to
lanes 2 and 9). In C6 cells, the Krox24 antibody disrupted
complex 2 completely (Fig. 2B, compare lanes 5 and 4). In N2A
cells, the Krox24 antibody prevented the formation of complex
2, decreased the amount of complex 1, and produced a very
faint supershifted band (Fig. 2B, compare lane 7 to lanes 6 and

9). These data demonstrate that Krox24 is a component of
complexes 1 and 2. Combined with the correlations discussed
earlier, they reinforce the conclusion that Krox24 can behave
as both a positive and negative regulator of TN expression in
different cells; when present in complex 2, Krox24 behaves as
an activator, and when present in complex 1, it behaves as a
repressor.
Binding Complexes Formed with the TCE and the NF-1 Site.

The TCE did not resemble a binding site for any known
transcription factor in the transcription factor database (Ge-
netics Computer Group, TFSITES7.2 database). This element
formed two binding complexes in all three cell types, and these
complexes were competed with an excess of unlabeled TCE
(Fig. 3A). To identify proteins that bind to this element, we
applied a Southwestern blot procedure using a concatamer
probe containing six copies of the TCE (23). As shown in Fig.
3B, this probe bound to two polypeptides with approximate
molecular masses of 70 and 130 kDa.
In a DNase I footprinting analysis using nuclear extracts

from NIH 3T3 cells, the region between 2191 and 2166,
including the NF-1 site, was protected from nuclease digestion,
and a double-stranded competitor containing the NF-1 site
eliminated this footprint (Fig. 4A). In an EMSA, the NF-1 site
formed similar DNA–protein complexes with nuclear proteins
from all three cell lines (Fig. 4B and data not shown). These
NF-1 complexes were competed by a 200-fold excess of
unlabeled NF-1 site but not by a 200-fold excess of the mutated
NF-1 site. In direct binding experiments, a 32P-labeled mutant
NF-1 site showed little binding to the NIH 3T3 extracts (Fig.
4B). Moreover, the complexes formed with the mutant NF-1

FIG. 2. Binding of nuclear proteins to the TN promoter Krox
element. (A) NIH 3T3, C6, and N2A extracts formed three complexes
(complexes 1–3), which are indicated by arrows. (B) Complexes 1 and
2 contain Krox24 and are supershifted (see band labeled supershift)
with antibodies to either the N-terminal myc tag or Krox24. Abbre-
viations for binding components: CD, competitor DNA (mg); NE,
nucleus extract (mg); XS, molar excess.
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site did not appear to contain NF-1 inasmuch as addition of
unmutated NF-1 competitor DNA did not interfere with
formation of these complexes.
The OctamerMotif Mediates Activation of the TN Promoter

by the POU-HDProtein, Brn2.The octamermotif, which binds
to members of the POU-HD family of transcription factors
(25), is conserved among TN promoters from three vertebrate
species (1). To investigate whether this element controls the
induction of TN promoter activity by POU-HD proteins, we
tested the activity of two promoter constructs that either
contain or lack the octamer motif (TN11 and TN12, respec-
tively) in cotransfection experiments with expression con-
structs for three class III POU-HD proteins, Brn2, Brn4, and
SCIP. These proteins are all expressed during early neural
development (26). Only Brn2 activated the TN promoter in an
octamer-dependent manner, and this induction occurred only
in N2A cells, not in C6 or NIH 3T3 cells (Table 2 and data not
shown).
The Brn2 gene produces three proteins by differential

translation initiation. All three forms of Brn2 contain the
DNA-binding domain and inDNA-binding experiments can be
discriminated as three different complexes, N-Oct3, N-Oct5A,
and N-Oct5B (27). N-Oct3 is the full-length translation prod-
uct of Brn2, whereas N-Oct5A and N-Oct5B are generated by
internal translation initiation at two AUG codons that are
located downstream of the activation domain. Consequently,
N-Oct3 is the only transcriptionally active form of Brn2.
N-Oct5A and N-Oct5B lack the N terminus and activation
domain of N-Oct3, and although they are capable of binding
to the octamer motif, they cannot activate transcription (27).
To examine whether differences in the DNA–protein com-

plexes formed in Brn2-transfected N2A or C6 cells were
correlated with the preferential induction of TN promoter
activity in N2A cells, we performed a series of binding
experiments. A full-length N-Oct3 translation product con-
taining an N-terminal myc tag was synthesized from the Brn2
gene template in an in vitro translation system. This N-Oct3–
myc tag fusion protein formed a single complex with the TN
promoter octamer motif (Fig. 5A, lane 3) which was super-
shifted when an antibody to the myc tag was included in the

binding reaction (Fig. 5A, lane 4). The positions of these native
and supershifted N-Oct3 complexes provided reference stan-
dards for comparison of Brn2 complexes formed in N2A and
C6 cells.
As shown in Fig. 5A, in N2A cells transfected with the Brn2

expression vector, the octamer motif formed a major complex
that comigrated with N-Oct3, and this complex was super-
shifted with the myc tag antibody (Fig. 5A, lanes 7 and 8). In
addition to N-Oct3, minor amounts of the two lower molecular
weight complexes N-Oct5A and N-Oct5B were formed (Fig.
5A, lane 7). However, extracts from C6 cells transfected with
Brn2 formed complexes lacking N-Oct3 but containing

FIG. 3. The TCE binds to nuclear proteins in NIH 3T3, C6 and
N2A cells. (A) EMSA of the TCE. An arrow and bracket define the
upper and lower complexes, respectively. CD, Competitor DNA;
XS, -fold molar excess; NE, nuclear extract. (B) Southwestern blot
analysis of proteins that bind to the TCE. NIH 3T3 nuclear extract (64
mg) was separated on a gradient polyacrylamide gel, transferred to
nitrocellulose, and hybridized with a probe consisting of six tandem
copies of the TCE. Themobility of markers are indicated in kilodaltons
(kDa). Arrows mark two proteins with approximate molecular masses
of 70 and 130 kDa, respectively.

FIG. 4. The NF-1 site binds to nuclear proteins of NIH 3T3 cells.
(A) DNase I footprint analysis of a portion of the mouse TN proximal
promoter. The DNA sequence shown was generated using the 39 PCR
primer. The amount of nuclear extract (NE) and and competitor DNA
(CD) is indicated above each lane. The final concentration of DNase
I was 0.5 mgyml in lane 3 and 5 mgyml in lanes 4–8. The sequence at
the right corresponds to the complement of the region protected from
DNase I digestion. The NF-1 site within the protected region is boxed
and shaded. (B) EMSA of the NF-1 region of the TN promoter.
Binding was performed with either the wild-type (WT) or mutant
(mut) NF-1 probes. Brackets mark the positions of the shifted and
competed complexes. The addition of 7.5 mg of NIH 3T3 nuclear
extract (NE) is indicated above each lane. Competitor DNA (CD) and
the molar excess (XS) of each are also indicated above each panel.

Table 2. Regulation of TN promoter activity by Brn2

Construct

Activity

N2A C6

pcDNA3 Brn2 pcDNA3 Brn2

pBasic 1.3 1.1 0.6 0.7
TN11 15.2 34.6 4.8 4.1
TN12 11.4 7.8 4.8 3.9
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N-Oct5A and N-Oct5B exclusively (Fig. 5A, lane 5). These
complexes did not produce a supershifted band when the myc
tag antibody was added to the binding reaction, a finding
consistent with the lack of an N terminus in the mature Brn2
product N-Oct3 (Fig. 5A, lane 6). Thus, N2A cells expressed a
full-length, transcriptionally active form of Brn-2, whereas C6
cells expressed truncated, transcriptionally inactive forms of
the protein.
To confirm this conclusion with an independent technique,

we performed immunoblot analyses of nuclear extracts from
Brn2-transfected N2A and C6 cells using the myc tag antibody
to determine whether Brn2 produced in these cells contained
the mature N terminus. As shown in Fig. 5B (lane 1), Brn2
expressed in N2A cells contained themyc tag and was detected
as a single band of 55 kDa. However, Brn2 expressed in C6 cells
was not detected with the antibody, indicating that it did not
contain the mature N terminus (Fig. 5B, lane 2). Together,
these results suggest that N-Oct3, the transcriptionally active
form of Brn2, is produced in N2A cells, whereas N-Oct5A and
N-Oct5B, transcriptionally inactive forms of Brn2, are pro-
duced in C6 cells. These differences in the Brn2 proteins found
in N2A and C6 cells are correlated with the cell-specific and
octamer-dependent activation of the TN promoter.

DISCUSSION

TN is expressed in dynamic and place-specific patterns during
vertebrate morphogenesis and is reinduced in the adult during
tumorigenesis, wound healing, and peripheral nerve regener-
ation. These dynamic characteristics make it a particular
challenge to identify the different regulatory elements and
transcription factors that determine the various contexts of TN
expression. Collectively, the data that the four TN promoter
elements described here are used differentially to produce
various patterns of TN gene expression.
In previous studies, we isolated the promoters for the

chicken andmouse TN genes (14, 15) so that we could compare
their promoter elements and select those that were likely to
function in vivo. We found that both TN promoters contain
binding sites for HD proteins of the Antennapedia family and

are activated by them (16). In this study, we identified various
DNA elements in the proximal promoter that are involved in
the regulation of TN gene expression. In the three cell lines
that we analyzed, at least four different cis regulatory elements
and trans factors were found to contribute to TN gene
expression. We consider here the separate and coordinate
roles of each of these elements and the factors to which they
bind.
Krox. The expression patterns of Krox24 and TN overlap at

several embryonic sites, including the brain, bone, cartilage,
and various sites of epithelial–mesenchymal transformation.
Krox24 has been implicated in cell proliferation and differen-
tiation, and it is rapidly induced bymitogens, tissue or radiation
injury, and neuronal excitation (28). It is induced by growth
factors, including platelet-derived growth factor, basic fibro-
blast growth factor, epidermal growth factor, and BMP-4, a
member of the transforming growth factor type b superfamily
(28, 29). Likewise, TN has been shown to be induced by several
growth factors, including members of the transforming growth
factor type b and basic fibroblast growth factor families (1, 9).
The differential effects on TN promoter activity by the Krox

element are correlated in this work with two distinct DNA–
protein complexes that contained the protein Krox24. Com-
plex 2 was correlated with activation, whereas complex 1 was
correlated with repression of TN promoter activity. Krox24 is
an immediate-early gene that encodes a zinc-finger protein
known to act as both a transcriptional activator and a repres-
sor. The protein is phosphorylated, but the functional signif-
icance of this modification is unclear (28). Phosphorylation
might be responsible for the difference in the size between the
Krox24 complexes that we observed in binding experiments.
Alternatively, since Krox24 contains an inhibitory domain of
34 amino acids termed R1 (30) that has been shown to interact
with several corepressors (31, 32), the larger size of complex
1, which is correlated with the repressor function of Krox24,
may represent a ternary complex that includes a corepressor.
TCE. The TCE appears to be a novel element. It formed two

prominent complexes that were similar in the three cell lines
examined but contributed significantly to TN promoter activity
only in the N2A cell line. Favorable interactions between
proteins bound at the TCE and those bound at other sites in
the TN promoter, as well as to components of the basic
transcription machinery, may be necessary for this element to
activate the TN promoter. Using a Southwestern blot analysis,
the TCE was shown to bind two proteins of 70 and 130 kDa,
which are likely to correspond to the two complexes observed
in the EMSA. The identity of these proteins is currently being
determined.
NF-1. NF-1 proteins are a large family of proteins that

regulate both constitutive and glial-specific transcription (33,
34) and bind to DNA as homo- and heterodimers (35). A form
of NF-1 called NF1-A1 is enriched in the cerebellum (34) and
has been shown to transactivate glial-specific promoters (36).
In the present study, it was found that the NF-1 site was
required for high levels of TN promoter activity in NIH 3T3,
C6, and N2A cells, but deletion of this element had the most
dramatic effect on TN promoter activity in C6 glioma cells. TN
is highly expressed by Bergmann glia during development of
the cerebellum and in glial tumors in the adult (4, 7, 13).
Recent work in our laboratory has indicated that anibodies to
NF1-A1 supershift TN promoter NF-1 complexes in C6 and
NIH 3T3 cells (unpublished observations). Thus NF1-A1 is a
likely candidate for regulation of TN in glia and possibly in
other non-neural cells.
NF-1 has also been found to mediate the response to growth

factors of genes for extracellular matrix proteins. For example,
an NF-1 site in the a2(I) collagen promoter controls induction
of this gene by transforming growth factor type b1 (37). Given
these correlations, it will be revealing to compare the roles of

FIG. 5. Brn2 complexes are assembled on the octamer motif from
the TN promoter. (A) Brn2 protein synthesized by in vitro translation
or extracts prepared from N2A or C6 cells transfected with a plasmid
expressing Brn2 containing an N-terminal myc tag were assayed for
binding to a 32P-labeled octamer probe. The three distinct Brn2
complexes N-Oct3, Oct5A, and Oct5B are indicated by arrows. The
presence or absence of antibody to the N-terminalmyc tag is indicated
above each lane. The position of the [35S]methionine-labeled Brn2
synthesized in vitro is indicated with a bracket. (B) Immunoblot
analysis of Brn2 expressed in C6 and N2A cells using an antibody to
the myc tag. The sizes of molecular mass standards are indicated in
kilodaltons.
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the Krox and NF-1 elements in the induction or repression of
TN expression by different growth factors.
Octamer. The octamer motif is recognized by POU-HD

proteins. Such factors, particularly those of the POU-III
family, which include Brn2, Brn4, and SCIP, play roles in the
differentiation of neuronal and glial cell populations. For
example, gene knockout of Brn2 (38) disrupts the differenti-
ation of neurons in the hypothalamus and pituitary gland, and
knockout of SCIP (39, 40) prevents differentiation of Schwann
cells. In our cotransfection experiments that examined the
regulation of the TN promoter by Brn2, Brn4, and SCIP, only
Brn2 activated the TN promoter in an octamer-dependent
manner. Although uncovering this activity in cellular trans-
fection experiments is not sufficient to establish that this
POU-HD protein is a natural regulator of TN gene expression,
many POU-HD proteins are expressed in the developing
nervous system in patterns that correlate with the spatiotem-
poral expression of TN in neuroepithelial precursors and glial
cell lineages (26). Moreover, in the adult, POU-HD proteins
are expressed in neuroblastomas and glioblastomas, in which
TN expression is prominent.
Extracts fromN2A cells transfected with Brn2 formed a high

molecular weight complex with the octamer motif containing
N-Oct3, a transcriptionally active form of Brn2, whereas
extracts from C6 cells formed only lower molecular weight
complexes containing N-Oct5A and 5B, both of which are
transcriptionally inactive forms of Brn2. N-Oct5A and
N-Oct5B arise from internal translation initiation within the
Brn2 mRNA at two AUG codons located downstream of the
transcriptional activation domain (27). The N2A and C6 cell
lines together provide a useful model system to analyze the cis
RNA sequences and trans factors that differentially control
translation initiation of Brn2 and possibly other POU-HD
proteins.
The present studies reveal some of the rich complexity of the

interactions of the promoter elements of TN. To define how
the patterns of TN gene expression are actually determined
during development, a combinatorial analysis of mutated and
unmutated promoter elements will have to carried out in
transgenic mice. The results of the in vitro experiments de-
scribed here provide a sound basis for such an analysis.
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