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A Neural-Specific GAP-43 Core Promoter Located between Unusual
DNA Elements that Iinteract to Regulate Its Activity

Elly Nedivi,® Gurigbal S. Basi,® lldiké Virag Akey,° and J. H. Pate Skene
Department of Neurobiology, Stanford University, Stanford, California 94305

In an effort to identify cis-acting elements that respond to
signals controlling different stages of neural differentiation,
we have analyzed the promoter and surrounding regulatory
sequences of the rat GAP-43 gene. Expression of this gene
is both neural specific and, within neurons, strongly modu-
lated by signals related to axon integrity. Expression anal-
ysis in cell lines and primary rat cortical cultures demon-
strates that neural-selective gene expression can be directed
by a 386 base pair GAP-43 promoter fragment that contains
canonical TATA and CCAAT box consensus sequences. A
short region of homology with other neural-specific genes,
identified upstream of the core promoter, is not essential for
selective expression in neuronal cells. Within cortical cell
cultures, expressionis strongly modulated by two interacting
elements on either side of the promoter, each of which con-
tains a sequence with the potential to adopt an unusual DNA
conformation. While each of these flanking elements reduc-
es expression when added alone to the core promoter, each
counteracts the negative influence of the other when both
elements are present.

Neural differentiation is marked by a series of steps leading from
the initial induction of stem cells in the neural epithelium to
the emergence of mature neurons, glia, or neuroendocrine cells
(Anderson, 1990; McKay, 1989). Genes whose expression is
restricted to neural cells may be induced at different steps in
these differentiation pathways, presumably in response to dis-
tinct environmental or intracellular signals. One strategy for
unraveling the control of these distinct differentiation steps is
to identify cis-acting elements that link expression of particular
genes to specific stages in neural differentiation.

Of the few genes that have been dissected to identify cis-acting
elements mediating neural-specific expression, most are char-
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acteristically expressed at highest levels in the mature nervous
system (Sehgal et al., 1988; Maue et al., 1990; Sauerwald et al.,
1990). In contrast, several genes encoding protein components
of growth cones and immature neurites are also highly specific
but are expressed at highest levels in immature rather than
mature neurons (Miller et al., 1987; Hoffman and Cleveland,
1988; Stein et al., 1988; Skene, 1989). Such genes must contain
regulatory elements that allow them to be induced selectively
at an appropriate stage of neural differentiation and then to
respond to signals that strongly modulate their expression within
differentiated neurons.

A well-characterized example of a gene expressed in almost
all neurons during a discrete phase of development is the single
copy gene for an abundant growth cone protein, GAP-43. Ex-
pression of GAP-43 occurs exclusively in neural cells, and most
prominently in immature neurons (Basi et al., 1987; Karns et
al., 1987; Neve et al., 1987; Rosenthal et al., 1987). It may also
be expressed in glial cells under certain circumstances (Vitkovic
et al., 1988; Deloulme et al., 1990). Within committed, post-
mitotic neurons, expression of GAP-43 is tightly correlated with
a reversible transition between a “growth state” typical of im-
mature neurons during axon extension and synaptogenesis, and
the chronic “maintenance” state of most mature neurons, char-
acterized by maintenance of a mature axon and synaptic ter-
minals (Skene and Willard, 1981a,b). The reversibility of this
transition is illustrated by the ability of many mature neurons
to reenter a functional growth state after certain kinds of axon
injury, accompanied by reexpression of GAP-43 and other genes
characteristic of immature neurons (Hoffman, 1989; Miller et
al., 1989; Skene, 1989; Doster et al., 1991; Tetzlaffet al., 1991).
The pattern of GAP-43 expression indicates that this gene is
strongly induced in the course of neuronal differentiation and,
within differentiated neurons, is chronically modulated by ad-
ditional signals closely linked to the control of axon growth.

In this report, we describe the isolation and characterization
of a functional promoter and surrounding regulatory elements
from the rat GAP-43 gene. In contrast to several other neural-
specific genes, in which neural specificity is conferred by distant
silencer elements acting on a relatively promiscuous promoter,
we found that 386 base pairs (bp) of DNA surrounding the GAP-
43 promoter is sufficient to confer strongly neural-specific gene
expression of a marker gene in transient transfection assays.
Unlike another neural-specific core promoter, from the synapsin
I gene (Sauerwald et al., 1990), the GAP-43 promoter fragment
contains canonical TATA and CCAAT consensus sequences.
Within neural cultures, expression directed by the GAP-43 pro-
moter is strongly modulated by two interacting regulatory ele-
ments that contain sequences with the potential to adopt unusual
DNA conformations.
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Materials and Methods

Construction of a rat genomic library and isolation of GAP-43 genomic
clones. High molecular weight rat brain genomic DNA was partially
digested with Sau3A and size fractionated on a 0.6% agarose Tris-acetate
gel (Maniatis et al., 1982), and DNA of 15-45 kilobase pairs (kbp) was
recovered by electroelution. This size-fractionated DNA was ligated into
BamHI/EcoRI-digested EMBL3 DNA (Frischauf et al., 1983; Karn et
al., 1983) and packaged into A-phage (Maniatis et al., 1982). The re-
sulting primary library (approximately 5 x 10° independent clones),
assuming an average insert size of 17.5 kbp, thus represented over 26
rat genome equivalents.

Both this library and a Charon 4A rat liver genomic library were
screened according to the method of Benton and Davis (1977) using
c¢DNA probes that were 3?P labeled by random hexamer priming (Fein-
berg and Vogelstein, 1983). The Charon 4A library was screened using
a full-length GAP-43 ¢cDNA clone pG43-1.2 (Basi et al.,, 1987) as a
probe. The EMBL3 library was screened with a 100 bp EcoRI/Avall
restriction fragment from the GAP-43 ¢cDNA 5’ end. Hybridizations
were performed in 5 x saline-sodium citrate (SSC), 1 x Denhardt’s so-
lution, 0.1% SDS, 100 ug/ml sonicated salmon sperm DNA, and 50%
formamide at 42°C for 48 hr, followed by multiple washes in 0.1 x SSC,
0.1% SDS at 65°C.

Analysis and sequencing of genomic clones. Restriction maps of the
genomic DNA inserts were made by analysis of double and sequential
digestions with pairs of restriction enzymes. Southern blots of these
digests hybridized with cDNA probes were used to identify the smallest
digest fragments containing coding segments of the GAP-43 gene. These
fragments were subsequently subcloned in both orientations into the
HindIII site of the Bluescript KS+ phagemid vector (Stratagene). ECoRI
and Sacl were used to generate 5’ and 3’ protruding ends and progressive
unidirectional deletions were generated from both orientations using
the Erase-a-Base System (Promega) based on a previously developed
procedure (Henikoff, 1984). The sequential deletion products were then
sequenced off single-stranded templates by the dideoxynucleotide chain
termination method (Sanger et al., 1977) with Sequenase (U.S. Bio-
chemicals). Nucleotide sequence alignments and analyses were per-
formed with the software package of the University of Wisconsin Ge-
netics Computer Group (Devereux et al., 1984).

Primer extension and PCR amplification of extension products. Two
synthetic oligonucleotide primers were prepared to examine endogenous
RNA. Both these nonoverlapping primers were specific for 5’ coding
sequence of the GAP-43 gene. The first primer (PEM) was comple-
mentary to coding nucleotides 67-94 and contained the sequence 5’
GAGCCTTATCCTCCGGTTTGACACCAT 3'. The second primer
(PEO) was complementary to coding nucleotides 2-29 and contained
the sequence 5" CTGTTTGGTTCTTCTCATACAGCACAGC 3'.
PolyA* mRNA from tissue and cortical cultures was isolated using Fast
Track (Invitrogen) and annealed for 3 hr at 60°C to primers *?P-labeled
with polynucleotide kinase. Extensions were carried out for 1 hrat 42°C
with M-MuLYV reverse transcriptase (Bethesda Research Laboratories).
Products were then resolved on a 6% acrylamide-urea gel.

Primer extensions for amplification by PCR were done as described
above using unlabeled primer PEO. After extension, samples were treat-
ed with RNase A for 15 min at 37°C, extracted with phenol/chloroform,
precipitated, resuspended in water, and then used for PCR with the
Perkin-Elmer Gene Amp kit. The 100 ul reaction containing 50-100
pmol of each upstream and downstream primer was overlaid with min-
eral oil and cycled for 30 rounds of amplification in a Perkin-Elmer
Cetus thermal cycler at 95°C for 1 min, 65°C for 3.5 min, and 72°C for
1.5 min, ending with 72°C for 10 min. 2.5 U of Amplitaq (Perkin-Elmer
Cetus) was added to start and after 15 cycles. The samples were extracted
with chloroform and analyzed on a 1.6% agarose gel in Tris borate
buffer. PEO was the downstream primer. Upstream primers were nu-
cleotides +206 to +235 (PCR2.5) containing the sequence 5’ GCA-
TATGCGGTGAGCAATAGCTGATCGCTG 3, nucleotides +71 to
+86 (PCR2.7) containing the sequence 5 CCCGGGCAGAAAGAA-
GAAAAAAGATTGG 3, and nucleotides —4 to +23 (PCR3) contain-
ing the sequence 5' GTCTAGAAATGGGGGTAGGGGCTATGG 3.
Samples containing the upstream primer PCR3 were also amplified
under lower-stringency conditions with annealing done at 50°C.

¢DNA clone isolation. Two oligonucleotides complementary to the 5’
untranslated region of the published rat cDNA sequence (Rosenthal et
al., 1987) were 2P labeled with polynucleotide kinase and used as probes
for screening a rat E13 spinal cord cDNA library in Agt11 (Furley et al,,

1990). One oligonucleotide (PEl) was complementary to nucleotides
+427 to +462 and contained the sequence 5" TCTTCCCCTGCCTTC-
TTCCTGCCTTCTCTCCTTTC 3'; the second oligonucleotide (PE2)
was complementary to nucleotides +348 to +375 and contained the
sequence 5’ ACTCGCTCTCTCGCGCTAGCGCGCTCTC 3. PE1 was
hybridized as described for the genomic probes, but at 37°C; PE2 like-
wise with 35% formamide 37°C. This screen resulted in the isolation of
three independent cDNA clones. Inserts from all three purified phage
clones were subcloned into Bluescript. Double-stranded CsCl purified
plasmid was then used as template for sequencing in from both ends of
the insert with Sequenase.

Northern blot analysis. PolyA* mRNA from rat liver, brain, primary
cortical cultures, or tissue culture cell lines was isolated using Fast Track
(Invitrogen). Quantities (1.5 ug) of each RNA were resolved by electro-
phoresis through a 0.66 M formaldehyde, 1.2% agarose gel and capillary
transferred with 20 x SSC to nitrocellulose membrane. Blots were hy-
bridized under same conditions as genomic screens, with a GAP-43
c¢DNA probe 32P labeled by random hexamer priming (Feinberg and
Vogelstein, 1983).

Construction of promoter—chloramphenicol acetyltransferase gene hy-
brids. Because of the lack of a convenient restriction site in the 5’
untranslated region, close to the translation start, the first promoter
construct (1 kb) containing the entire upstream region from +466 to
the HindIII site at —523 was made by deleting in from the 3’ end of
the 2 kbp HindIII fragment subcloned in Bluescript KS—. Clal and Apal
were used to generate 5’ and 3’ protruding ends, and the ExollI deletion
was done using the Erase-a-Base system. The deleted insert was then
cut out using HindIII and Kpnl and force cloned into the unique HindIII
promoter cloning site of pSVoATCAT situated 61 bp upstream of the
chloramphenicol acetyltransferase (CAT) translation start. When con-
veniently situated restriction sites were not present, subsequent 3’ de-
letions for promoter constructs were generated in the same way. All
deletion endpoints were accurately mapped by sequencing. Except for
the 1 kb construct, all fragments generated by deletions or restriction
digests were blunt ended for subcloning either by treatment with T4
DNA polymerase for chewback of protruding 3’ ends or by Klenow
fragment of Escherichia coli DNA polymerase for filling in 5’ overhangs.
These fragments were then cloned into the HindIII site of pSVOATCAT
after addition of HindIII linkers (Pharmacia). The expression vector
PSVOATCAT (Meakin et al., 1989), which contains the promoterless
bacterial CAT gene, is a derivative of pSV2ACAT (Kadesch and Berg,
1986) without the SV40 promoter. It also contains two polyadenylation
signals derived from the early region of SV40 immediately upstream of
the promoter cloning site and a translation stop region between the
promoter cloning site and the CAT initiation codon. Consequently, CAT
activity in the absence of an inserted promoter fragment is practically
nonexistent.

Cell culture and DNA transfections. Rat cortical neurons were grown
in dissociated cultures by a method previously described (Dichter, 1978)
and modified as follows. Embryonic day 16-18 (E16-E18) embryos were
removed using sterile technique. Cortices were removed, peeled of me-
ninges, and collected in cold Hank’s buffered salt solution (HBSS). The
tissue was gently spun 5 min at 500 x g and then resuspended in HBSS
without Ca/Mg. After 10 min at 37°C, tissue was spun as above and
resuspended in HBSS without Ca/Mg containing 0.01% trypsin. Sub-
sequent to digestion 10 min at 37°C with trypsin, tissue was spun again,
resuspended in HBSS with 100 ug/ml of DNase, and incubated 10 min
at 37°C. DNase was removed by rinsing with fresh Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% supplemented calf
serum. The tissue was then triturated with fire-polished Pasteur pipettes
with lumens of decreasing dimensions; cells were then counted and
plated at a density of 2—4 x 109,

PC12 cells (Greene and Tischler, 1976) were grown in DMEM sup-
plemented with 5% supplemented calf serum and 5% horse serum;
RN22 cells (Pfeiffer and Wechsler, 1972), in DMEM containing 10%
heat inactivated horse serum; HTC cells (Thompson et al., 1966), in
DMEM containing 10% calf serum; and AtT-20 (Buonassisi et al., 1962),
in DMEM containing 10% fetal calf serum. All cells were maintained
in a humidified 37°C incubator—PC12 cells with a 12% CO,, 88% air
atmosphere; RN22, HTC, and AtT-20 with an 8% CO,, 92% air at-
mosphere; and cortical cultures with a 5% CO,, 95% air atmosphere.
All tissue culture medium was obtained from GIBCO and contained
1 x penicillin/streptomycin/fungisome (PSF), also from GIBCO. Se-
rums were from Hyclone.

For transfections, PC12 cells were plated on polylysine-coated 60 mm
tissue culture dishes (Muller et al., 1990) at a density of 2 x 10¢ cells/



dish and grown for 2-3 d with 7S NGF added to 100 ng/ml. Cortical
cultures were plated on polylysine-coated 35 mm tissue culture dishes
ata density of 24 x 109 cells/dish and grown for 5 d before transfection.
Fresh medium was added every 2 d.

Transfections were carried out as described (Muller et al., 1990) with
40 ul of Lipofectin (1 mg/ml; Bethesda Research Laboratories) and 20-
40 pug of DNA (normalized by molar ratio to 20 ug of the pSVoATCAT)
per dish. Five hours later, the transfection medium was removed and
replaced with fresh serum containing medium. Cells were harvested for
CAT assays or polyA* selection 2 d following transfection.

CAT assays and quantitation. For CAT assays, cells were harvested
as described previously (Muller et al., 1990) and then assayed by the
modified *H-sodium acetate method (Nordeen et al., 1987). Two time
points were taken from each plate to ensure that measurements were
within the linear range with respect to reaction time.

Except in experiments shown in Figure 5B, promoter activity for each
construct was calculated as the average CAT activity from a minimum
of three independent experiments, each experiment containing duplicate
transfections for each construct. Within each experiment, accurate cell
plating resulted in excellent reproducibility between duplicate plates
transfected with the same construct. All experiments contained RSVCAT-
transfected cultures as a positive control, and both PSVoCAT-trans-
fected and untransfected cultures as negative controls. Promoter activity
was calculated after subtraction of background, represented by the
PSVoCAT-transfected samples.

Results

Relation to genomic exon/intron structure to protein
functional domains

To isolate genomic DNA clones encoding the rat GAP-43 gene,
we used a full-length GAP-43 cDNA clone (Basi et al., 1987)
to screen an amplified library of genomic DNA from rat liver
(Sargent etal., 1979). Screening of approximately 35-40 genome
equivalents yielded two sets of nonoverlapping clones account-
ing for the coding parts of the GAP-43 gene downstream of
codon 10. Since an additional 50 genome equivalents screened
from this library failed to produce clones accounting for the first
10 codons and the mRNA 5’ untranslated region, we constructed
a primary unamplified rat brain genomic library and screened
it with a restriction fragment from the GAP-43 ¢cDNA 5’ end.
A screen of 13 genome equivalents yielded three overlapping
clones, A\2A-21, AdA-21, and A9B, which were found to contain
a sequence corresponding to codons 1-10 of the cDNA, followed
on the 3’ end by intron sequence. At their 5’ ends, these clones
encoded all of the 5’ untranslated sequences contained in pre-
viously characterized cDNAs, plus at least 5 kbp of additional
DNA upstream of the known cDNA sequences. The coding
portion of this sequence was designated exon 1 (Fig. 1). A second
set of clones, selected from the amplified library, comprised four
independent isolates containing a second exon encoding amino
acids 11-199, flanked by intronic sequences at either end. This
set of clones is represented by A6A in Figure 1. A third set of
genomic clones, comprising ASA-1 and A5B-1A, contained exon
3, beginning at the second nucleotide in codon 199 and ex-
tending through the termination codon to the polyadenylation
site(s). Restriction mapping of clones A5A-1 and A5B-1A indi-
cated differences in their 3’ ends that were not investigated
further.

The organization of the GAP-43 gene deduced from these
genomic clones is illustrated in Figure 1. The sequences at each
of the exon/intron borders in the GAP-43 gene are in agreement
with the consensus sequences for eukaryotic donor and receptor
splice junctions, and splicing obeys the GT/AG rule (Mount,
1982). The genomic clones isolated to date contain a total of
28 kbp, and as they are nonoverlapping, this is a minimal es-
timate for the size of the GAP-43 gene. The organization of the
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Figure 1. Restriction map and exon/intron organization of the rat
GAP-43 gene. 4, Genomic clones containing sequences corresponding
to GAP-43 mRNA (thick lines) are aligned above a low-resolution sche-
matic map of the rat GAP-43 gene. Exon segments are marked by boxes.
Below the low-resolution map is an expanded view showing restriction
maps of the genomic DNA surrounding each exon. From these mapped
regions, the smallest restriction fragments containing coding parts of
the gene were identified on Southern blots probed with GAP-43 cDNA,
subcloned, and sequenced for accurate mapping of exon/intron bound-
aries. B, Schematic maps of GAP-43 mRNA and protein showing the
relationship of exon/intron boundaries to functional sites in the protein.
Solid boxes indicate translated portions of the mRNA. Exon 2 (hatched
box) codes for a large central protein domain containing several func-
tional and structural units. Two of these are indicated by the bracket
and circle above the protein map, marking a proposed calmodulin-
binding domain centered on the principal serine residue phosphorylated
by protein kinase C (Alexander et al., 1988; LaBate and Skene, 1989;
Liu et al., 1991). Exon 1 (solid box) codes for a small amino-terminal
domain involved in GAP-43 binding to membranes, and exon 3 (shaded
box) encodes a portion of the carboxy-terminal protein domain that
may interact with elements of the submembranous cytoskeleton.

rat GAP-43 gene reported here agrees with that described pre-
viously by Grabczyk et al. (1990).

The genomic organization of the three GAP-43 exons con-
forms to some degree with the generally advanced hypothesis
that exons of eukaryotic genes often encode discrete functional
units (Blake, 1978; Gilbert, 1978; Go, 1983). The majority of
GAP-43 is encoded by a single exon, which is flanked on either
end by exons encoding small amino-terminal and carboxy-ter-
minal segments. The amino-terminal 10 amino acids, encoded
by exon 1, correspond to the proposed site for membrane bind-
ing via fatty acylation (Skene and Virag, 1989; Zuber et al.,
1989; Liu et al., 1991). On the 3’ end, exon 3 encodes a 27
amino acid, carboxy-terminal domain that encompasses a phy-
logenetically conserved sequence motif (F motif of LaBate and
Skene, 1989) and part, but not all, of a region with limited
sequence similarity to neurofilament proteins. The conserved
sequences within this region have been proposed as possible
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Figure 2. Nucleotide sequence of exon 1 and the 5 flanking region. Only the coding strand is shown. The translated portion of exon 2 is shown
as codon triplets, and the corresponding amino acid sequence is indicated below the nucleotide sequence. The exon/intron border is indicate by a
slash mark within the sequence. Downward arrows indicate several restriction enzyme cleavage sites used as reference points in Figures 4-6.
Consensus TATA and CCAAT elements are enclosed in boxes. Brackets mark positions corresponding to the 5’ ends of the longest GAP-43 cDNA
clones isolated (43 and BI; see text). Overlined sequence (pcr 3) corresponds to the most upstream oligonucleotide primer that yielded a product
in a PCR-amplified primer extension assay (see text and Fig. 4B). To provide a single reference base for numbering purposes, the most upstream
A within the pcr 3 sequence, shown in boldface and indicated with an upward arrowhead, is designated nucleotide + 1. Also in boldface and indicated
with a broken underline are an upstream repeating sequence, (GT),,, with the potential to form left-handed Z-DNA, and a downstream repeating
sequence, (GA),,, with the potential to form H-DNA. Under- and overlining marks two sequence motifs similar to sequences in the 5’ flanking

regions of other neural-specific genes.

sites for interaction with cytoskeletal elements (LaBate and Skene,
1989). Thus, discrete functional units coded by exons on either
end of the GAP-43 core domain might serve to position it
between growth cone membranes and the submembranous cy-
toskeleton. The large central exon codes for at least two distinct
structural and functional units of GAP-43. Amino acids 11-57
form a highly conserved domain that includes the proposed
calmodulin-binding site (Alexander et al., 1988) and the prin-
cipal site phosphorylated by protein kinase C (Apel et al., 1990).
The remainder of exon 2 is poorly conserved at the sequence
level but may conserve elements necessary for the rodlike struc-
ture of GAP-43 (LaBate and Skene, 1989). Thus, the protein
sequence encoded by this exon does not appear to correspond
to a single functional domain of GAP-43.

Sequence analysis of the GAP-43 gene 5’ flanking region

To facilitate mapping of the GAP-43 promoter(s) and any near-
by regulatory elements, we determined the sequence of the first
1.25 kbp of genomic DNA upstream of the translation initiation
codon (Fig. 2). In the numbering scheme used in Figure 2, a
proposed transcription start site (see below) is designated base
+1. A sequence corresponding to part of this region has been
reported previously (Grabczyk et al., 1990), and in the region
of overlap our data agree with that earlier report, with the ex-
ception of a G and position —22 (C in the sequence of Grabczyk
et al., 1990).

We also examined this region of the GAP-43 gene for known
transcriptional regulating sequences. We found on the coding
strand a TATA box-like sequence (TTTAAATATT) starting at
base —43, and on the noncoding strand two CCAAT boxes

(ATTGG on the coding strand, at bases —54 and —65). We
found no consensus AP1, SP1, AP2, POU, CREB, GR, or SRF
elements (Mitchell and Tjian, 1989) on either strand of the GAP-
43 gene. The absence of some of these elements is notable in
light of previous reports of GAP-43 regulation by glucocorti-
coids, cAMP, and TPA, in concert with the induction or re-
pression of a neuronal phenotype in particular cell lines (Karns
et al., 1987; Federoff et al., 1988; Bjelfman et al., 1990). This
suggests GAP-43 is not a first-order gene responding directly to
these compounds, but rather a gene whose expression is in-
creased secondary to the induction of a neuronal phenotype by
any of a variety of agents.

Comparison of the GAP-43 gene 5’ flanking sequence with
the 5’ flanking regions of other neural-specific genes (Fig. 3)
reveals on the noncoding strand a sequence motif previously
noted (Thompson and Ziff, 1989; Maue et al., 1990) to be com-
mon to the rat type II sodium channel gene, the rat peripherin
gene, and the mouse neurofilament gene, all of which are ex-
pressed selectively in neurons. This sequence similarity is cen-
tered around a 5 base core sequence and extends to additional
regions on cither side of the core (Maue et al., 1990; Fig. 3).
Analysis of the recently published 5’ flanking sequence of the
SCG10 gene (Mori et al., 1990) shows this same sequence motif
(Fig. 3). In the SCG 10 gene, as in the GAP-43 gene, this sequence
element is inverted, so that the sequence shown in Figure 3
occurs on the noncoding DNA strand.

Sequence examination also reveals several unusual structural
features at the 5’ end of the GAP-43 gene. A sequence of 512
bp downstream of the potential TATA box exhibits an extreme-
ly high purine content (79%) on the coding strand. A high purine



content has been previously noted to be a conserved feature of
the 5’ untranslated sequences of GAP-43 cDNAs (Kosik et al.,
1988; LaBate and Skene, 1989). In two portions of the purine-
rich genomic sequence, the A+G content increases to 100%.
One stretch of 50 bp (+302 to +352) consists of interspersed
and overlapping repetitions of the sequences AGGGA and GA.
A longer sequence spans 125 contiguous purines (+107 to +232)
on the coding strand, including 35 pairs of directly alternating
guanosine and adenine residues, (GA),;. Homopurine sequences
of this type, with their complementary homopyrimidine strands,
have been shown to be capable of forming an H-DNA structure,
in which partial melting of the DNA allows one strand to fold
back to form an intramolecular triple helix, leaving the other
strand unpaired (Johnston, 1988; Wells et al., 1988; Htun and
Dahlberg, 1989). A different kind of repeating sequence occurs
approximately 380 bases upstream of the proposed TATA box.
This element consists of 17 pairs of alternating purine and py-
rimidine residues, (GT),, on the coding strand, which under
appropriate conditions can adopt the left-handed Z-DNA con-
formation (Rich et al., 1984).

Mapping of the GAP-43 transcription start site

As a first step toward locating the GAP-43 transcription start
site within the 5’ genomic sequence, we carried out primer ex-
tension analysis on mRNA from neonatal brain. Extensions
from two nonoverlapping primers complementary to the GAP-
43 coding region (PEOQ and PEM) yielded three discrete extension
products mapping to positions +349, +388, and +418, in ad-
dition to multiple early terminations (Fig. 44). Primers com-
plementary to sequences upstream of the translation start site
either failed to generate extension products or produced multiple
nonspecific products (not shown). As in any primer extension
analysis, the discrete extension products can represent either
legitimate mRNA termini or artifactual premature terminations
of the extension reaction. In the case of GAP-43 mRNA, several
considerations make the second possibility of special concern.
The sequence upstream of the translation start site indicates a
significant potential for secondary structure that could interfere
with primer extensions. Indeed, during the sequencing of the
genomic DNA, we noted a strong tendency for polymerase re-
actions to terminate at discrete sites, including nucleotide + 349,
Furthermore, the three principal extension products (Fig. 4) map
to positions in the genomic sequence far from any known con-
sensus sequences for transcription initiation. Finally, the pre-
vious isolation (Rosenthal et al., 1987) of a GAP-43 ¢cDNA
starting farther upstream than any of the start sites marked by
primer extension suggests the presence of an upstream tran-
scription start site not accounted for among the major primer
extension products.

Because of the unusual sequence within this region, RNase
protection analysis was not able to resolve the issue of the tran-
scription start site(s). RNase protection analysis yielded multiple
bands even with an RNA transcript of known size, generated
from the cloned genomic DNA by in vitro transcription initiated
1 kbp upstream of the translation start codon (not shown).

We therefore used two alternative approaches to test for the
existence of such an upstream transcript, by amplifying low-
frequency primer extension products extending beyond regions
of strong secondary structure. We first screened a cDNA library
from embryonic rat spinal cord with two oligonucleotide probes
complementary to the 5’ end of the longest published GAP-43
cDNA (Rosenthal et al., 1987). Of 300,000 clones screened,
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Rat GAP-43 -308 to -312 TGGAG

Rat GAP-43 -271to -286 CAGCTGCCAGGAGAT

Rat type Il Na+ channel -58to-34 TTGT CCAGGAGATGGAGCTGTCG
Rat peripherin -168to -155 CAGC CCAGGAGA

Rat peripherin -72 to -62 GGAGCTGTCG
Rat SC610 -320t0-332 CTGT CCAGGAG

Mouse neurofilament -78 to 62 AGC CCAGG TGGAGC

Figure 3. Sequence motif common to the 5' flanking regions of several
neural-selective genes. The sequence shown in Figure 2 was examined
for the occurrence of a sequence motif previously noted to be common
to several neural-specific genes (Thompson and Ziff, 1989; Maue et al.,
1990). This region of homology was also compared with the recently
published sequence from the 5’ end of the rat SCG10 gene (Mori et al.,
1990). The numbers refer to the nucleotide positions within the 5’
flanking region of each gene. The rat GAP-43 and SCG10 sequences
occur on the noncoding strand and are therefore inverted compared to
the other three genes. Nonconsecutive sequences from the same gene
are set on different lines. Spaces represent unmatched bases.

three hybridized with both probes. Sequence analysis showed
that all three were GAP-43 clones colinear with the genomic
sequence, indicating that there is no additional intron upstream
of the translation start site. Two clones (A3 and Bl, Fig. 2)
extend upstream of the longest published cDNA sequence, and
both of these included the (GA),; repeating sequence. The ex-
istence of these low-frequency cDNAs indicated that there is a
GAP-43 transcript starting at least 400 bp upstream of the trans-
lation start.

In a complementary approach, we used a PCR to amplify
low-frequency products of a traditional primer extension reac-
tion. Each PCR reaction contained the same downstream primer
as in the initial primer extension (PEO), together with one of
three upstream primers representing sequences at increasing dis-
tances upstream (Fig. 4B8). Two of the upstrecam primers, PCR2.5
and PCR2.7, were located on either end of the GA repeat, which
is fully contained within the longest cDNA clone, A3. The third
upstream primer, PCR3, was complementary to a genomic se-
quence upstream of the longest cDNA and downstream of the
potential TATA box. The rationale for these experiments was
that the PCR reaction would generate a product only if the
upstream primer was included within the original mRNA tran-
script serving as a template for primer extension. As it turned
out, PCR reactions with all three primers on primer extensions
of brain-derived mRNA resulted in products of a size consistent
with transcripts colinear with the genomic DNA (Fig. 4B). Up-
stream primer PCR3, however, yielded a product only at a
hybridization stringency lower than that used for the upstream
primers. At the higher stringency, PCR3 failed to amplify the
primer extension products from mRNA, even though it was
able to amplify plasmid DNA containing the corresponding
genomic sequence (Fig. 4B). This suggests that the hybrid be-
tween PCR3 and the longest primer extension products contains
several unpaired bases. One interpretation of this finding is that
PCR3 extends several bases beyond the 5’ end of the longest
GAP-43 mRNA transcripts.

On the basis of the amplified primer extension results, we
propose that GAP-43 transcription can initiate far enough up-
stream to include the PCR3 sequence. The differential stringency
requirements for hybridization of PCR3 to primer extension
products suggest, in fact, that transcription may initiate within
the PCR sequence. Consistent with this possibility, the genomic
DNA beginning 33 bases upstream of the PCR3 sequence con-
tains a TATA-like consensus sequence and two associated
CCAAT boxes (Fig. 2). To provide a single reference point for
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Figure4. Localization of potential transcription start site(s) by standard and PCR-amplified primer extension analysis. 4, Standard primer extension
analysis. Radiolabeled primers complimentary to GAP-43 coding nucleotides 67-94 (PEM) or 2-29 (PEQ) were hybridized with 8 ug of polyA*
mRNA from 8 d rat brain or rat liver and then extended using reverse transcriptase as described in Materials and Methods. Shown are radiolabeled
extension products resolved on a denaturing polyacrylamide gel, adjacent to a dideoxy sequencing T ladder (T" SEQ) of the 5’ genomic clone primed
with PEM and PEO, respectively. Three major extension products generated with each primer are indicated with arrows; the numbers indicate the
actual length in nucleotides for each extension product. Measured from the appropriate primer sequence, the 5’ ends of the three major products
for either reaction correspond to nucleotides +418, +339, and +388 in Figure 2. B, PCR-amplified primer extension. For each lane, 8 ug of polyA*
mRNA from 8 d rat brain (lanes I-8) or rat liver (lanes 9-16) were hybridized with the primer PEO as in 4 and added to standard primer extension
reactions with reverse transcriptase (odd lanes, marked +) or without reverse transcriptase (even lanes, marked —). Each pair of samples was then
taken for PCR amplification with the same downstream primer PEO and one of three possible upstream primers, PCR2.5, PCR2.7, or PCR3. The
annealing step of the PCR reaction was done at 65°C for all lanes except 7-8 and 15-16, which were annealed at 50°C. Products were separated
on an agarose gel and stained with ethidium bromide. All three primer pairs were able to amplify brain-derived primer extension products to
produce PCR fragments (/anes I, 3, and 7) of a size corresponding to the genomic distance between their primer sequences (control lanes 17-19).
Amplification with primer PCR3 generated a PCR product of appropriate size at reduced hybridization stringency (lane 7), but not at the higher
stringency used for the other reactions (/ane 5). No PCR products were generated from mRNA from liver (lanes 9-16), which does not express
GAP-43. The failure to generate PCR products from brain mRNA in the absence of reverse transcriptase confirms that the PCR products are
generated from primer extension products and not from contaminating DNA. Standard size markers (lane 20) are ¢x174 DNA digested with HinfI.
The diagram at the bottom shows the PCR primers (bold boxes) aligned with corresponding sequences in a schematic map of GAP-43 genomic
DNA. Approximate positions of the TATA consensus, the GA repeating sequence (hatched box), and the translation start site (47'G) are indicated,
along with three restriction sites whose precise positions are indicated in Figure 2. Bold lines below the map show the position and the length in
base bairs of the expected PCR product for each pair of primers, if the upstream primer sequence is included in GAP-43 mRNA.
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Figure 5. Functional identification of a GAP-43 promoter. DNA frag-
ments from the 5’ end of the GAP-43 gene were inserted into plasmid
pSVoCAT, upstream of a promoterless gene for the bacterial enzyme
CAT, and assayed for their ability to direct expression of CAT after
transfection into primary cultures of cells from embryonic rat cortex.
CAT activity was assayed as the ability to convert radioactive chlor-
amphenicol to acetylated products resolved on thin-layer chromatog-
raphy (A4), or to transfer radioactive acetate to chloramphenicol (B and
subsequent figures). 4, Separate fragments containing either the first 1
kbp of DNA upstream of the GAP-43 coding sequence (I kbp), or the
next 4 kbp of more upstream DNA (4 kbp), were inserted into the
pSVoCAT vector either in their normal orientation with regard to the
direction of transcription (ORI I) or in the opposite orientation (ORI
2). The inserts comprised | kbp downstream, or 4 kbp upstream, of the
HindIII site indicated in Figure 2. Primary cortical cultures were trans-
fected with equimolar amounts of each construct and assayed for CAT
activity 48 hr after transfection as described by Muller et al. (1990).
The acetylated products produced by CAT activity are visualized as two
upper spots in the thin-layer chromatogram illustrated. Parallel cultures
were transfected with the same CAT vector bearing an RSV promoter
(RSV) as a positive control, or with the pSVoCAT vector with no
promoter insert (pSVo) as a negative control. B, The 1 kbp fragment
assayed in 4 was subdivided into a 760 bp fragment extending upstream
of the GA repeating sequence, and a 230 bp fragment extending down-
stream of the repeating sequence to 4 bp before the translation start
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the sequence numbering scheme used here, the first A within
the sequence spanned by PCR3 is designated nucleotide + 1.
Designation of this particular base as + 1 is solely for numbering
purposes and should not be taken to indicate that transcription
initiates precisely at this nucleotide. Mapping of a start site in
this general region suggests that the GAP-43 promoter is located
nearby, perhaps surrounding the promoter consensus sequences
situated closely upstream.

Functional identification of the GAP-43 promoter

To identify the GAP-43 promoter functionally, we generated a
series of constructs containing various segments of GAP-43
genomic DNA fused to the promoterless bacterial CAT gene.
These constructs were tested for promoter activity by transient
transfection into primary cortical cultures. The first construct
tested, containing the entire 1 kbp fragment from 4 bp upstream
of the translation start back to the first HindIII site, yielded
activity that was 60-70-fold lower than that exhibited by the
Rous sarcoma virus (RSV) promoter fused to CAT (RSVCAT;
Gorman et al., 1982) introduced into parallel cultures. This
activity was exhibited only in the correct orientation with regard
to transcription of the GAP-43 gene, confirming its identifica-
tion as a functional promoter element (Fig. 54). The next 4 kbp
of more upstream genomic DNA failed to show any detectable
promoter activity (Fig. 54), indicating that the only GAP-43
promoter(s) is contained within the 1 kbp fragment.

Within this 1 kbp fragment, PCR on primer extension prod-
ucts, cDNA information, and sequence consensus are all con-
sistent with a promoter located upstream of the polypurine-
polyyrimidine repeating sequence (GA repeat). However, be-
cause additional primer extension products terminate down-
stream of this repeating sequence (Fig. 4; Grabczyk et al., 1990),
the presence of an additional downstream promoter could not
be ruled out. To localize a possible GAP-43 promoter(s) func-
tionally, we divided the 1 kbp fragment into two subfragments,
a 760 bp fragment containing the proposed TATA and CCAAT
boxes, and a 230 bp fragment encompassing the sites corre-
sponding to the 5’ ends of the major primer extension products.
Each of these fragments was then tested separately for promoter
activity (Fig. 5B). The 760 bp fragment (plasmid 760) exhibited
orientation-specific activity that was more variable in magni-
tude but was comparable on average to the full 1 kbp fragment
(Fig. 5B). Similarly strong expression from the 760 bp fragment
was observed in additional experiments in which CAT expres-
sion was assayed by thin-layer chromatography but not quan-
tified (data not shown).

—

site. The positions of the GT and GA repeating sequences (hatched
boxes) are indicated for reference, and the length of each promoter
fragment (in base pairs) is indicated at left. Downward arrows indicate
restriction sites, and the tall arrow preceding the Xbal site indicates the
position of a proposed transcription start region, corresponding to the
sequence spanned by primer PCR3 in Figure 2. Expression from frag-
ments inserted in the correct orientation with regard to transcription
(Orientation 1) was quantitated from three independent experiments,
each containing duplicate transfections of each construct. Activity is
expressed as a percentage of the activity driven from the 1 kbp plasmid
and is shown as the mean + SEM. Expressions from fragments inserted
in the opposite orientation (Orientation 2) were quantitated from a single
experiment, containing duplicate transfections of each construct, and
were confirmed qualitatively in two additional experiments.
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Figure 6. Resolution of a GAP-43 promoter, and its regulation by two
flanking elements. A, Effect of progressive 3’ deletions on promoter
activity of the 1 kbp genomic fragment immediately upstream of the
GAP-43 translation start site. Due to the lack of convenient restriction
sites, the 3’ deletions for fragments 632, 548, and 474 were generated
by Exolll digestions as described in Materials and Methods. B, Structure
and transcriptional activity of GAP-43 promoter constructs with double
deletions. Diagrams of construct structure are aligned with a map of
the 1 kbp fragment, situated above them. The alignment and scale of
the diagrams correspond to the x-axis in 4. C, Expression from the
GAP-43 386 bp fragment containing the core promoter is strongly in-
fluenced by two interacting elements on either side of it. Promoter
activity in these experiments is expressed relative to the activity of the
386 bp fragment alone. Addition of a 250 bp upstream fragment to the
386 bp core strongly inhibits expression (plasmid 632). The strongly
inhibitory upstream fragment contains the GT repeating sequence (darker
hatched box). A downstream region comprising the GA repeating se-
quence (lighter hatched box) and additional polypurine sequence mod-
erately inhibits expression when added alone to the 386 bp core (plasmid
515). Addition of the upstream and downstream elements together (plas-
mid 760), however, does not produce an additive negative effect on
expression. Instead, each element largely counteracts with negative in-
fluence of the other. The schematic diagrams are to the same scale and
alignment as in 4 and B.

The 230 bp fragment (plasmid 230) also exhibited measurable
activity, but this activity was consistently low relative to plasmid
760 and was not orientation specific (Fig. 5B). Low-level, ori-
entation-independent transcription has been observed previ-
ously with plasmids containing regulatory elements introduced
in the absence of a promoter (Moreau et al., 1981; Wasylyk et
al., 1983). The downstream 230 bp fragment thus exhibits nei-
ther conventional promoter activity nor consensus sequence
elements associated with other eukaryotic promoters. We have
therefore focused our further analysis on the 760 bp fragment
containing a GAP-43 promoter that accounts functionally for
the majority of the promoter activity represented in the larger
1 kbp fragment and that complies with conventional functional
and structural criteria.

To map this promoter further, we constructed a series of
plasmids bearing inserts with successive deletions from the 3
end of the 760 bp fragment. Promoter activity decreased pro-
gressively with deletions from base +237 (760 bp fragment) to
base —50 (474 bp fragment; Fig. 64). These results define the
region between these bases as important for transcription.

Although a large initial drop in expression was observed upon
deletion of the GA repeat, two fragments that retained the pu-
tative TATA and CCAAT boxes exhibited low but detectable
levels of activity even in the absence of the GA repeat (632 bp
and 548 bp fragments; Fig. 64). Deletion of 250 bp from the 5
end, including the GT repeating sequence, restored full activity
to a promoter construct without the downstream GA repeat
(plasmid 386; Fig. 6B). The resulting 386 bp fragment was the
smallest fragment to exhibit robust promoter activity. This ac-
tivity was orientation dependent. A GAP-43 core promoter is
thus functionally mapped within the 386 fragment, clearly re-
solved from the GA repeat.

While the 386 bp fragment consistently directed substantial
CAT expression in the embryonic cortical cultures, the mag-
nitude of this expression varied more from one transfection
experiment to another than did expression from the larger 1
kbp fragment (Figs. 6, 7). Similar variations in the magnitude
of expression were observed with other promoter fragments
derived by 3’ deletions from the larger 1 kbp fragment, most
notably the 760 bp fragment (Fig. 64). The increased variability
is apparent whether the expression from the 3’ deleted constructs
is normalized to the 1 kbp fragment (Fig. 6), or whether ex-
pression from each GAP-43 promoter construct is normalized
separately to an RSV control promoter (Fig. 7). This suggests
that elements contained in the 1 kbp fragment 3’ to the core
promoter may help stabilize expression in these transient trans-
fection assays.

To complete the functional mapping of the GAP-43 promoter,
we took advantage of a conveniently located Xbal restriction
site to divide the 386 bp fragment into two subfragments, sep-
arating the putative TATA box from a proposed transcription
start site (plasmids 270 and 112; Fig. 64). Neither of these
constructs exhibited promoter activity on its own (Fig. 68). The
inability of the upstream 270 bp fragment to initiate transcrip-
tion indicates that the transcription start site(s) used by the
GAP-43 promoter lies no farther upstream than the Xbal site.
On the other hand, the PCR-primer extension data described
previously showed that the longest GAP-43 transcripts contain
sequences corresponding to the genomic DNA immediately
downstream of the Xbal site (Fig. 2). The functional and struc-
tural data therefore agree on a transcriptional start within a few
bases downstream of this restriction site.
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Figure 7. Neuron-selective expres-
sion directed by a small GAP-43 pro-
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The GAP-43 promoter lies betwe~n two elements that
interact to affect its activity

Deletion experiments described above showed that serial re-
moval of a polypurine-polypyrimide tract containing the GA
repeat, and an upstream fragment containing the GT repeat,
strongly influence expression from a core promoter lying be-
tween them. Figure 6 B shows that addition of the upstream GT-
containing fragment alone to the 386 bp core promoter fragment
strongly depresses promoter activity (plasmid 632). Similarly,
addition of the downstream GA repeat alone (plasmid 515)
decreases expression of the marker enzyme, but to a lesser ex-
tent. However, the negative effects of these flanking elements
are not additive when both elements are present. Instead, re-
pression by either element separately can be counteracted by
the presence of the other on the opposite side of the promoter
(plasmid 760; Fig. 6 B), indicating that their effects on promoter
activity are dependent on interaction between them.

HTC

RN22 SYSY AtT-20 HTC

moter-containing fragment. 4, Plas-
mids bearing the largest (1 kbp) and
smallest (386 bp) fragments that exhib-
ited GAP-43 promoter activity in pri-
mary cortical cultures were transfected
into a variety of neural and non-neural
cells. NGF-treated PC12 cells (PC12)
and primary cultures of cells from em-
bryonic rat cortex (cortical) contain dif-
ferentiated neurons or neuron-like cells,
A Schwannoma cell line (RN22), an un-
differentiated neuroblastoma cell line
(SY5Y), and a pituitary-derived neu-
roendocrine cell line (AtT-20) are all
non-neuronal cells derived from neural
precursors. Non-neural cells are repre-
sented here by a hepatoma tissue cul-
ture cell line (HTC). Solid bars repre-
sent activity of the 1 kbp plasmid, and
hatched bars represent activity of the
386 bp core promoter in each cell type,
expressed as a percentage of RSVCAT
aclivity in the same cell type. The vai-
ues for each cell type show the mean +
SEM from three or four independunt
experiments, each experiment contain-
ing duplicate transfections of each con-
struct. Activity of plasmid 386 was not
determined in the NGF-treated PC12
cells. A closer examination of low-level
activity of plasmids 1 kbp and 386 in
HTC and RN22 cells is displayed in the
inset. Promoter activity in the inser is
expressed as a fraction of background
activity represented by cultures trans-
fected with the promoterless plasmid
vector, pSVoCAT. B, Northern analy-
sis of endogenous GAP-43 mRNA ex-
pression in rat tissues and in cultured
cells used for transfection experiments.
A 1.5 upg quantity of polyA* mRNA
from each source was separated on a
formaldehyde-agarose gel and trans-
ferred to nitrocellulose. Nitrocellulose
membranes were probed with a 32P-la-
beled GAP-43 cDNA insert.

RN22

AtT-20
HTC

A core promoter fragment is sufficient to direct neural-selective
expression in transient expression assays

A prominent regulatory feature of GAP-43 is that its expression
is confined to neural cells, predominantly neurons. To determine
the degree to which the core GAP-43 promoter and its sur-
roundings can account for this neural-specific expression, we
tested our smallest (plasmid 386) and largest (1 kbp) promoter
constructs for expression in a variety of neural and non-neural
cells (Fig. 74).

Activity of the 1 kbp construct was highest in cultures con-
taining differentiated neurons (embryonic rat cortex) or neuron-
like cells (NGF-treated PC12 cells). Expression of this construct
was 10-20-fold lower not only in the liver-derived HTC cell
line, but also in AtT-20, a pituitary-derived cell line that behaves
as a neuroendocrine precursor; in SY5Y, a committed neural
progenitor neuroblastoma line that was undifferentiated; and in
RN22, a neural crest—derived Schwannoma cell line. Cells that
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direct only low levels of CAT expression from the GAP-43
promoter express low to undetectable levels of endogenous GAP-
43 mRNA (Fig. 7B), suggesting they lack some component(s)
necessary for activating this promoter. Similarly high expression
of the 1 kbp in NGF-treated PC12 cells and primary cortical
cultures (Fig. 74), and comparably low expression in non-neu-
ronal cell lines and primary astrocyte cultures (not shown) ar-
gued that preferential expression in cortical cultures was not an
artifact of comparing primary cells and cell lines.

The 386 bp core promoter fragment not only retained neural
selectivity in its expression but in fact displayed stricter selec-
tivity than the intact 1 kbp. Although clearly selective, the 1
kbp construct in some cell lines exhibited activity up to two
times the background CAT activity of a promoterless construct
(Fig. 74, inset). The smaller 386 bp fragment never exhibited
activity detectable above background in these cultures.

Discussion

We have identified a functional promoter located on the GAP-
43 gene approximately 500 nucleotides upstream of the protein
coding region. A short fragment of DNA encompassing this
promoter contains elements sufficient to direct neural-selective
transcription. Two regions of DNA flanking this promoter, each
containing sequences with the potential to adopt unusual DNA
conformations, interact to modulate expression from the pro-
moter lying between them.

Characterization of the promoter

The GAP-43 promoter defined here appears to be structurally
and functionally similar to other eukaryotic promoters. Func-
tionally, the 386 bp fragment containing the core promoter directs
transcription of a marker gene in a strictly orientation-depen-
dent fashion. Structurally, both the mapping of transcription
start sites by PCR-amplified primer extension (Fig. 4B), and the
functional elimination of promoter activity after digestion at a
defined Xbal site (Fig. 6 B), indicate that the promoter is located
within the 3’ half of the 386 bp fragment. This region contains
a TATA consensus sequence and two CCAAT sequences at
distances from each other and from a proposed transcriptional
start site similar to those observed in other eukaryotic promoters
(Breathnach and Chambon, 1981).

The present evidence suggests that the 386 bp fragment con-
tains the principal, and probably the only, promoter(s) used in
vivo 1o direct GAP-43 expression. This fragment accounts for
the majority of the promoter activity contained in 1 kbp of
DNA upstream of the protein coding sequence, and a functional
survey of more than 4 kbp of DNA upstream of the 386 bp
fragment produced no evidence for additional promoter activ-
ity.

Sequences downstream of the 386 bp fragment do exhibit a
limited ability to drive expression of a marker gene in transient
transfection assays, but this activity is small compared to the
upstream promoter and, more important, is orientation inde-
pendent (230 bp fragment in Fig. 5B). No in vivo promoter yet
described has shown such orientation-independent expression.
In the context of a promoterless plasmid construct, however,
some types of nonpromoter regulatory sequences have been
found to direct low-level, orientation-independent expression
of marker genes (Moreau et al., 1981; Wasylyk et al., 1983).
Our results suggest that the 230 bp downstream fragment may
contain modulatory elements of this type but is unlikely to
contain an additional GAP-43 promoter. The increased vari-

ability in promoter activity apparent after deletion of the 230
bp fragment from the 3’ end of the larger 1 kbp fragment (Figs.
6, 7) is consistent with some modulatory or stabilizing influence
of the 230 bp fragment, at least in transient transfection con-
ditions.

Assignment of transcription initiation sites

Expression data that localize the GAP-43 promoter do not iden-
tify the site(s) at which this promoter initiates transcription.
PCR-primer extension data strongly suggest that transcription
can be initiated within the sequence spanned by the primer
PCR3, but it is not clear whether additional downstream sites
can also be used for transcription initiation. The predicted length
of mature transcripts produced from the most upstream initi-
ation site is approximately 1.7 kb, significantly larger than the
1.4 kb previously estimated for in vivo GAP-43 transcripts on
the basis of agarose gel electrophoresis (Basi et al., 1987; Karns
et al., 1987; Rosenthal et al., 1987). This apparent discrepancy
may result from underestimation of the size of GAP-43 mRNA,
or GAP-43 transcription could be initiated most frequently from
additional downstream sites. If transcription is initiated at sites
downstream of the PCR3 sequence, these sites may or may not
include those mapped by standard primer extension and RNase
protection analysis (Fig. 44; Grabezyk et al., 1990). Extensive
secondary structure within the purine-rich sequence of the lon-
ger transcript and in DNA : RNA hybrids, including cruciforms
and single-stranded loops, could produce both strong stops in
primer extension assays and artifactual RNase cleavage sites.
In addition, probes complementary to any part of this region
can hybridize at multiple sites. These sorts of artifacts can pro-
duce artifactual bands that do not correspond to actual tran-
scription start sites, confounding both primer extension and
RNase protection analysis. It is therefore difficuit to conclude
with confidence whether or how frequently GAP-43 transcrip-
tion may be initiated at sites downstream of the GA repeat.
Despite this uncertainty over additional downstream start sites,
both PCR-amplified primer extension analysis and isolation of
long cDNA clones show that transcription can be initiated at a
site well upstream of the GA repeat, close to the functionally
mapped GAP-43 promoter.

5’ Sequence motifs common to other neural-specific genes

As more neural-specific genes are isolated and analyzed, there
has been increasing interest in identifying sequence motifs com-
mon to this category of genes that might mediate their shared
expression characteristics. Recently, a shared consensus motif
was suggested for the rat and human synapsin I genes (Sauerwald
et al., 1990), a mouse neurofilament gene (Lewis and Cowan,
1986), and the human low-affinity NGF receptor gene (Sehgal
et al., 1988). This sequence was not found in the GAP-43 gene
5' flanking region. However, the GAP-43 gene did contain a
sequence element previously noted (Maue et al., 1990) to be
common to the rat type II sodium channel gene, the rat peripher-
in gene (Thompson and Ziff, 1989), and a mouse neurofilament
gene (Lewis and Cowan, 1986). This sequence homology, also
found in the more recently reported upstream sequence of the
SCG10 (Mori et al., 1990), is centered around a conserved core
of seven nucleotides (CCAGGAG). Although it is shared by
several neural-specific genes, this sequence motif does not seem
to be either necessary or sufficient to restrict gene expression to
specific neural cell types. In the GAP-43 gene a 386 bp fragment
that does not contain this motif is able to direct neural-specific



transcription. Conversely, in the type II sodium channel gene,
a 134 bp promoter fragment containing this sequence is not
sufficient to confer cell type specificity (Maue et al., 1990).

It is intriguing that in the growing inventory of neural specific
genes there are sequence elements common to only a subclass
of these genes, and that these are not associated in a straight-
forward manner with the functional restriction of expression to
cells in the neural lineage. Differentiation of neural cells is not
a single event but a series of transitions, and induction of dif-
ferent “‘neural-specific” genes can occur at different stages in
this series and in different branches of the neural lineage. There
is no reason to assume that a single signal acting on one common
sequence element would be used for gene activation at all steps
in such a differentiation pathway. Different cis-acting elements
or combinations of elements therefore may be required to permit
activation of subsets of neural-specific genes at appropriate stages
in neural differentiation.

Neural selectivity of the GAP-43 promoter

Functional studies of the neural specificity of the GAP-43 pro-
moter and other neural promoters support the notion that there
is more than one mode of conferring selective expression in
neural cells. Previous investigations of two other neural-specific
genes indicated that an upstream ‘silencer’” element imposes
neural-selective expression on a relatively “neutral” core pro-
moter (Maue et al., 1990; Mori et al., 1990). In contrast, we
found that a small, 386 bp fragment containing the core GAP-
43 promoter exhibits substantial tissue specificity. The differ-
ence between these two modes of generating neural specificity
corresponds to two general modes of regulating tissue-specific
gene activity. Enhancers or silencers located substantially up-
stream and clearly separated from their promoters can act in
an orientation-independent fashion to confer specificity on neu-
tral promoters (Ornitz et al., 1987; Fischer and Maniatis, 1988).
In other cases, tissue specificity seems to reside primarily in the
promoter itself (Mar et al., 1988; Sauerwald et al., 1990). These
two modes of operation are not mutually exclusive, and indeed
tissue or cell-type distribution often results from the combined
actions of cell type-selective upstream elements and relatively
specific promoters (Edlund et al., 1985; Foster et al., 1985;
Hammer et al., 1987; Maniatis etal., 1987). Our results therefore
leave open the possibility of further spatial or temporal mod-
ulation of the neural-specific GAP-43 core promoter by up-
stream or downstream elements not yet defined.

It is possible that the mechanism used to regulate neural-
specific expression of a particular gene is related to the evolu-
tionary history of its tissue specificity requirements. Members
of multigene families, such as the SCG 10 gene (Mori et al., 1990)
and the type II sodium channel gene (Maue et al., 1990), pre-
sumably arose through duplication of an ancestral gene that was
not neural specific, so that neural specificity would have to be
imposed by a later addition, such as an upstream silencer. The
GAP-43 gene, in contrast, has been a single copy gene for as
much of its evolutionary history as we have traced (LaBate and
Skene, 1989). The GAP-43 promoter, therefore, may have
evolved as a neural-specific promoter from the origins of the
structural gene.

In our experiments, both the core GAP-43 promoter and the
larger 1 kbp fragment containing it were selectively expressed
in cultures containing differentiated neurons, even in preference
to non-neuronal cells such as glial and neuroendocrine cell lines.
All of the latter cells were assayed under conditions in which
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expression of the endogenous GAP-43 gene was very low or
undetectable (Fig. 7B). Previous reports show that some non-
neuronal cells can express more substantial levels of GAP-43
under some conditions (Vitkovic et al., 1988; Deloulme et al.,
1990). We do not know whether either the core promoter or
the 1 kbp fragment would drive expression under those con-
ditions. More extensive analysis of expression from these two
fragments in neurons and non-neuronal cells under various con-
ditions and at various stages of differentiation should clarify
whether regions surrounding the core may further modulate the
cell type specificity of the GAP-43 gene.

Counter modulation by elements on opposite sides of the
promoter

One region that clearly modulates expression from the GAP-43
promoter is a long polypurine-polypyrimidine tract that in-
cludes the repeating sequence (GA),;. This region moderately
depresses expression when added alone to the 386 bp core pro-
moter fragment, but is able to counteract the strong repressive
effect of an upstream element when both flanking regions are
present. Thus, two separate DNA elements located on opposite
sides of the core GAP-43 promoter each can act as a negative
regulatory element, but each can also counteract the repressive
influence of the other.

Because the polypurine-polypyrimidine sequence is tran-
scribed, some of its effects on CAT expression could be exerted
at the posttranscriptional levels of RNA processing, stability,
or translation (Pelletier and Sonnenberg, 1985). Constructs in
which this sequence is added alone to the core promoter frag-
ment (plasmid 515; Fig. 6C) show that any such posttranscrip-
tional effects resultin a net reduction in expression of the marker
enzyme. However, the presence of this same polypurine-poly-
pyrimidine sequence downstream of the promoter can coun-
teract the negative influence of a nontranscribed element located
upstream of the promoter. Thus, the negative influence of the
downstream polypurine - polypyrimidine sequence is not addi-
tive with the negative influence of the upstream element. The
ability of the downstream polypurine- polypyrimidine sequence
to counteract the negative influence of a nontranscribed element
located upstream of the promoter is difficult to explain except
as an influence exerted at the level of transcription. We therefore
suggest that the downstream polypurine-polypyrimidine se-
quence, containing the GA repeat, interacts with the upstream
fragment containing the GT repeating sequence to modulate
transcription from the promoter located between them. This
does not rule out an additional, independent influence of the
GA region on RNA processing, stability, or translation when
incorporated into the mRNA.

Previous investigation of polypurine-polypyrimidine se-
quences similar to the GA repeat offer clues to the mechanisms
by which it might regulate transcription. Simple purine pyrim-
idine repeating sequences can, under appropriate conditions of
high superhelicity and/or low pH, undergo a structural transition
to form an intramolecular triplex. The resulting structure, des-
ignated H-DNA (Johnston, 1988; Wells et al., 1988; Htun and
Dahlberg, 1989), consists of a normal double helix to which a
third strand is bound within the major groove via Hoogsteen
base pairing, leaving the complement of the Hoogsteen base-
paired strand single stranded and sensitive to the single-strand-
specific nuclease S1. Homopurine-homopyrimidine sequences
of this type occur frequently in eukaryotic genomes (Birnboim
etal., 1979; Behe, 1987), often in the vicinity of gene promoters,
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and are often correlated with the formation of S1-sensitive sites
indicative of a non-B DNA structure (McKeon et al., 1984;
Siegfried et al., 1986; Boles and Hogan, 1987).

It has recently been shown for the c-myc gene that a potential
H-DNA-forming region that behaves as a positive cis-acting
transcription element and adopts an S1-sensitive conformation
in vivo also binds a factor with the properties of a ribonucleo-
protein (Davis et al., 1989). In an immunoglobulin switch re-
gion, transcription through a potential H-DNA—forming se-
quence has been shown to generate a complementary RNA
transcript that can stabilize the H-DNA triplex by base pairing
with the region of single-stranded DNA generated by its for-
mation, resulting in formation of stable, less supercoiled DNA
conformations (Reaban and Griffin, 1990). The presence of the
GA repeat within a transcribed region of the GAP-43 gene raises
the possibility that a similar mechanism could operate to sta-
bilize H-DNA formation in this gene.

Polypurine- polypyrimidine tracts may also influence tran-
scription by other mechanisms. In the Drosophila hsp 26 gene,
for example, a polypurine polypyrimidine sequence is required
in vivo for optimal transcription (Glaser et al., 1990), but further
experiments suggested that the effect of the CT/GA repeat on
expression may not involve formation of H-DNA structure in
vivo, but that the primary sequence per se is critical for function.

It remains to be determined whether the GA repeating se-
quence in the GAP-43 promoter region can adopt the H-DNA
conformation in vivo and, if so, whether this conformational
switch is responsible for the transcriptional effects of the poly-
purine-polypyrimidine element. A novel feature of the GAP-
43 gene, however, is that its promoter lies between such a homo-
purine-homopyrimidine sequence and a second sequence
element with the potential to undergo a transition to an alter-
native non-B DNA structure, the left-handed Z-DNA confor-
mation (Rich et al., 1984). Z-DNA~forming sequences also oc-
cur frequently in eukaryotic genomes and also have been
proposed to play a role as cis-acting transcriptional regulators.
Both H-DNA and Z-DNA are induced or stabilized by negative
supercoiling, and each relaxes negative supercoiling in adjacent
regions of DNA (Rich et al., 1984; Wells et al., 1988). Structural
transitions to non-B DNA conformations, and the resulting tor-
sional effects on adjacent DNA, therefore offer one possible
mechanism for the functional influences of these elements on
each other and on the promoter lying between them.

Although the downstream polypurine- polypyrimidine region
and the upstream fragment containing the GT repeat can exert
an influence on the promoter lying between them, the regulatory
role of these interacting influences is not yet apparent. A DNA
fragment containing the core promoter without these flanking
elements can exhibit at least some forms of neural-selective
expression. Interactions of the upstream and downstream flank-
ing elements, however, might further modulate the cell type
specificity of GAP-43 expression. Alternatively, the interaction
of these regulatory elements could be involved in modulating
expression of the GAP-43 gene within a defined cell type, such
as its axon-dependent decline within differentiated neurons late
in development. Further dissection of regulatory features me-
diated by the core promoter and by specific cis-acting elements
flanking it should provide access to signaling pathways medi-
ating induction of this gene during neural differentiation and its
responses to axon disruption, which appears to be closely linked
to signals controlling neuron competence for axon growth.
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