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ABSTRACT The nerve growth factor-induced clone C
(NGFI-C) gene encodes a zinc-finger transcription factor that
is rapidly induced by nerve growth factor in rat pheochromo-
cytoma PC12 cells and by seizure in brain. NGFI-C is closely
related to the previously described early response genes, nerve
growth factor-induced clone A (NGFI-A or EGRI), EGR2, and
EGR3. These four early response (immediate early) proteins all
contain very similar zinc-finger DNA binding domains; in
addition, analysis of the non-zinc-finger region revealed that
they share an additional five highly homologous subdomains,
four of which are within the amino terminus. The 5’ flanking
region of NGFI-C contains several cAMP response elements
but does not contain any serum-response elements or CArG
boxes [CC(A /T)¢GG], cis-acting elements commonly involved
in early response gene regulation. NGFI-C mRNA was detected
in neural tissues of postnatal animals, but no expression was
found in rat embryos. In situ hybridization demonstrated that
NGFI-C is rapidly induced in the dentate gyrus of the hippo-
campus after seizure, but in contrast to NGFI-A, increases in
NGFI-C mRNA were not detected in the overlying cortex. By
using fluorescence in situ hybridization, NGFI-C was localized
to human chromosome 2p13. This region contains a constitu-
tive fragile site that is associated with chromosomal break-
points and translocations characteristic of some chronic lym-
phocytic leukemias.

When eukaryotic cells are stimulated to undergo mitogenesis
or differentiation, the expression of a small subset of genes,
termed early response or inmediate early genes (1), is rapidly
activated. Many early response genes encode transcriptional
regulators (2, 3), for example nerve growth factor-induced
clones C and A [NGFI-C and NGFI-A (also called EGR! and
zif268, respectively)], Krox-20/EGR2, and EGR3, encode
transcription factors whose DN A-binding domains are highly
related. These domains consist of three zinc fingers and
recognize the DNA element GCGGGGGCG (4) from which
each of these proteins is capable of activating transcription
(4-6).

The NGFI-C ¢cDNA was originally isolated from nerve
growth factor (NGF)-stimulated rat pheochromocytoma
PC12 cells by using degenerate probes corresponding to the
zinc-finger region (7). RNA blot analysis showed that
NGFI-C was rapidly activated in PC12 cells treated with
NGF and by seizure in rat brain. We now report the isolation
and nucleotide sequence of the rat NGFI-C gene, ¥ which is
structurally similar to the NGFI-A, EGR2 (the human ho-
molog of Krox-20), and EGR3 loci. Analysis of the amino acid
sequences of these four proteins revealed that they share five
regions of homology in addition to their DNA-binding do-
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mains. At birth no NGFI-C expression was detected in the
rat, but NGFI-C mRNA levels increase gradually during the
first 3 weeks of life, plateauing at a level similar to that
observed in the adult. In the adult rat, NGFI-C expression is
restricted to the brain and other neural tissues. Like other
early response genes, NGFI-C expression was detected
primarily in the dentate gyrus after a seizure induced by
electroconvulsive treatment (ECT). Chromosomal in situ
hybridization was used to demonstrate that NGFI-C is lo-
cated at human chromosome 2p13, a region involved in a
variant of chronic lymphocytic leukemia.

METHODS

Genomic Library Screening. Genomic clones containing
either the rat (rA4A) or human (hA3) NGFI-C genes were
obtained by screening the respective genomic libraries with
32p_Jabeled rat NGFI-C ¢cDNA or an 800-nucleotide (nt)
fragment of the human NGFI-C gene (see below) (8). The rat
genomic EMBL3 library was a gift from R. Hynes (Massa-
chusetts Institute of Technology) and the human genomic
A-FIX library was obtained from Stratagene.

Primer-Extension and S1 Nuclease Protection Reactions.
RNA was isolated from cells or tissues (9). Both S1 and
primer-extension reactions were performed with 50 ug of
total RNA as described (10). The products of both reactions
were analyzed on 8% polyacrylamide/urea sequencing gels.
A sequencing reaction mixture was used as a marker to
determine fragment lengths.

Gene Mapping by ir Situ Hybridization. A fragment of the
human NGFI-C gene was isolated using the PCR with prim-
ers derived from the rat sequence (nt 275-294 and nt 1051-
1070). Two human-NGFI-C-specific primers (5'-GGAGC-
TATAGAATAGGGGC and 5'-CATACAGGCACTGC-
GAGGGG) were synthesized and used in a PCR assay to
screen two panels of DNA derived from human-rodent
somatic cell hybrids (Bios, La Jolla, CA, and NIGMS Mutant
Cell Repository, Camden, NJ) (11).

Fluorescence in situ hybridization was performed essen-
tially as described (12). Human prometaphase chromosome
spreads were prepared from cultured phytohemagglutinin-
stimulated peripheral blood lymphocytes from a male with a
normal karyotype. Extended chromosomes were produced
by colchicine treatment (37). The (hA3) NGFI-C clone, which
contains a 12-kilobase human genomic DNA insert, was
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labeled with biotin-11-dUTP by nick translation (13), and
each chromosomal spread was hybridized with 150 ng of the
biotin-labeled NGFI-C probe (13). For fluorochrome detec-
tion, slides were incubated with fluorescein-conjugated avi-
din DCS (Vector Laboratories) at 5 ug/ml, amplified by
incubation with fluorescein-conjugated goat anti-avidin D
antibodies (Vector Laboratories) at 5 ug/ml, and counter-
stained with 4,6-diamidino-2-phenylindole dihydrochloride at
200 ng/ml and propidium iodide at 200 ng/ml, which were
present in the final wash solution. Cytogenetic banding
patterns were visualized by staining with Giemsa after fluo-
rescent hybridization.

In Situ Hybridization on Tissues. Seizures that resulted in a
generalized tonic—clonic convulsion with hindlimb extension
were induced in male Sprague-Dawley rats by electric shock
as described (14). Rats were sacrificed 0, 30, 60, 120, 180, and
480 min after seizure, and the brains of control and treated
rats were processed as described (14). The NGFI-C antisense
probe (nt 330-1 of the NGFI-C cDNA) was transcribed using
uridine 5'-[a-[*3S]thioltriphosphate (Amersham) and RNA
probe transcription reagents (Promega) as described by the
manufacturer’s protocol. NGFI-A probes were synthesized
from the 3’ end of the cDNA after linearization with Pst 1. In
situ hybridization with NGFI-C or NGFI-A was carried out
as described (15), except that washes were performed in 0.2 X%
or 2X standard saline citrate (SSC) containing RNase (10
pg/ml) at 32°C followed by a 30-min wash in 0.2% or 2x SSC
at room temperature. Similar results were obtained with
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either salt condition. In control experiments, the appropriate
sense probes were hybridized to similar tissue sections to
ensure the specificity of the detected signal.

RESULTS

Isolation and Characterization of the Rat NGFI-C Gene. A
rat genomic library was screened using 32P-labeled NGFI-C
cDNA. Southern blot analysis demonstrated that one posi-
tive clone, rAdA, contained the entire NGFI-C gene. The
nucleotide sequence of the entire NGFI-C gene and 1602 nt
of the 5' flanking region was determined (Fig. 1). A compar-
ison of the NGFI-C genomic and cDNA sequences revealed
that the NGFI-C gene is 2452 nt long and is interrupted by a
single 316-nt intron located at nt 325 (7). The presumed
translation start site is located at nt 192 of the first exon and
all three zinc fingers are encoded within the second exon.

To determine the transcriptional start site of the NGFI-C
gene, primer extension was carried out with a 32P-labeled
antisense oligonucleotide primer extending from nt 49 to nt 20
of the NGFI-C cDNA (7). This oligonucleotide was hybrid-
ized to RNA samples in which NGFI-C mRNA was known
to be present (PC12 cells treated with NGF and cyclohexi-
mide) or absent (uninduced PC12 cells and spleen) and
extension reactions were performed using reverse transcrip-
tase. A single 100-nt extension product was detected only in
the sample obtained from NGF/cycloheximide-treated PC12
cells (Fig. 2). An S1 nuclease protection experiment was
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FiG. 1. Nucleotide sequence of the rat NGFI-C gene and 5’ flanking region. The site of transcriptional initiation is at position 1. The intron
is bracketed and the GCGGGGGTG element is boxed and shaded. The residues constituting the zinc-finger region are boxed and shaded.
Sequence elements within the 5’ flanking region are denoted as follows: cCAMP responsive elements (shaded), NGFI-B response elements
(boxed), TATA box (boxed), and an Spl site (boxed and shaded). The numbers on the left refer to the nucleotide sequence using the transcription
start site as nt +1. The numbered amino acid sequence of the NGFI-C protein is shown beneath the nucleotide sequence.
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FiG. 2. Analysis of the rat NGFI-C transcriptional start site. S1
nuclease protection and primer-extension assays were performed on
total RNA isolated from PC12 cells treated with NGF in the presence
of cycloheximiite for 3 hr (lanes 1), uninduced PC12 cells (lanes 2),
spleen (lanes 3), and yeast tRNA (lanes 4). A known sequence was
used for size markers. The nucleotide sequence near the transcrip-
tion initiation site (indicated by a dot), which includes the TATA box,
is shown.
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performed to confirm the primer-extension result. A 362-nt
BssHII genomic fragment that extended to nt 95 of the
NGFI-C cDNA was end-labeled and hybridized with RNA
samples from the same sources as those used in the primer
extension. Digestion with S1 nuclease resulted in a 146-nt
protected fragment that was again only detected in RNA from
NGF/cycloheximide-treated PC12 cells (Fig. 2). These re-
sults indicated that transcription of NGFI-C mRNA begins at
a single site 51 nt upstream of the 5’ end of the original cDNA
and 24 nt downstream from the TATA box identified in the
NGFI-C 5’ flanking region.

The sequence of the NGFI-C promoter region is shown in
Fig. 1. Sequence analysis of the promoter region revealed the
presence of two cAMP-responsive elements at nt —112 and
—180 and four NGFI-B-like response elements (16) at nt —1326,
—938, —589,and —584. A ““TATA’’ box is present at nt —24 and
a *‘GC” box is present within the first exon at nt +34. Inter-
estingly, we also located an element, GCGGGGGTG, within
the intron of the NGFI-C gene at nt 387 that is a binding site for
NGFI-C and other members of its gene family (A. Swirnoff and
J.M., unpublished observations). Sequences resembling a se-
rum-response element or a CArG box [CC(A/T)¢ GG], which
are often found in the 5’ flanking regions of early response
genes, were not found in the NGFI-C promoter.

Relationship of NGFI-C to Other Members of This Gene
Family. The identification and sequencing of four members of
this family allowed us to search outside the zinc-finger DNA
binding domains, whose homology has been described, for
additional regions of homology. By using amino acid se-
quence alignment programs (PALIGN and CLUSTAL, PC/GENE;
IntelliGenetics), we found that NGFI-C, NGFI-A, EGR2,
and EGR3 share five regions of homology outside of the
DNA-binding domain. Four of these are located on the
amino-terminal side of the zinc fingers, a region known to
contain the transcriptional activation domain of NGFI-A (M.
Russo and J.M., unpublished observations). Three additional
regions of homology shared only by NGFI-A, EGR2, and
EGR3 were also found (Fig. 3).

Chromosomal Location of the Human NGFI-C Locus. To
localize the human homologue of NGFI-C, we first isolated
a genomic fragment of human NGFI-C (see Methods). By
using the PCR, primers corresponding to rat NGFI-C were
utilized under low-stringency conditions with total human
placental DNA to synthesize an 0.8-kilobase fragment.

Sequence analysis of this fragment (hc800) showed it
contained an open reading frame that predicted an amino acid
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Fi1G. 3. Sequence alignment of the rat NGFI-C with other mem-
bers of its gene family. The NGFI-C, NGFI-A, EGR2, and EGR3
genes are displayed at the top. The exons (drawn to scale) are
represented by boxes (open, noncoding regions; solid, coding re-
gions; vertical hatch, zinc-finger DNA binding domain); introns are
shown as solid lines (not to scale). The regions of homology are
depicted as shaded boxes numbered 1 to 8 and the corresponding
regions in each protein are joined by dashed lines. The aligned amino
acid sequences from each protein within the eight numbered regions
of homology are shown below. Identical residues are denoted by
white letters on black squares; similar residues are denoted by black
letters on shaded squares; and nonconserved residues are denoted by
black letters on a white background. The relative positions of the
residues are indicated to the right of each row.

sequence that was 88% identical to residues 147-176 of the rat
amino acid sequence. Oligonucleotides were designed and
used for screening of human—mouse somatic cell hybrids by
the PCR. Two such panels were screened, and concordance
was observed for the presence of NGFI-C and human chro-
mosome 2 in each panel (data not shown). This result was
confirmed by Southern blot analysis using *P-labeled hc800
as the probe on DNA isolated from the somatic hybrid cell
line GM10826B, a CHO cell line that contains only human
chromosome 2 (data not shown).

Fluorescence in situ hybridization was employed to sub-
regionally localize the NGFI-C gene on chromosome 2 es-
sentially as described by Lichter et al. (12). A genomic clone,
hA3, containing the human NGFI-C gene was labeled with
biotin and hybridized to metaphase spreads of human chro-
mosomes. The labeled DNA was detected with fluorescein
isothiocyanate-conjugated avidin DCS and amplified using
goat anti-avidin D antibodies. Fig. 4 shows specific hybrid-
ization of the biotin-labeled NGFI-C probe to chromosome 2
(two metaphase chromosomes 2 are evident). No consistent
secondary hybridization was observed in more than 30 meta-
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Fic.4. Mapping of the human NGFI-C gene to chromosome 2p13
by in situ hybridization. (A) The human genomic NGFI-C clone (hA3)
hybridized to metaphase chromosomes. Arrowheads indicate hy-
bridization to a specific site on sister chromatids of chromosome 2.
Both homologues of chromosome 2 are present. (B) Human chro-
mosome 2 ideogram (400-band haploid karyotype) showing localiza-
tion of the NGFI-C gene to 2pl13 (arrow).

phase spreads that were examined. 4,6-Diamidino-2-
phenylindole dihydrochloride staining and Giemsa banding
(data not shown) confirmed the signals were located at
chromosome 2p13.
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Fi1G. 5. Expression of NGFI-C in various rat tissues. S1 nuclease
protection analysis was performed on 50 ug of total RNA isolated
from the indicated adult or embryonic tissues or embryos (4) and
cortex, midbrain, or cerebellum of brains from postnatal rats of the
indicated ages (B).
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Fi1G. 6. Activation of NGFI-C and NGFI-A after ECT. Rats were
sacrificed at the indicated times in minutes after ECT. Hemibrains
from each of these six rats were embedded, sectioned, and processed
together. Autoradiograms of in situ hybridizations performed on
coronal sections taken at the level of the hippocampus and using
probes specific for NGFI-C and NGFI-A are shown.

Tissue Specificity of NGFI-C Expression. We performed S1
protection analysis on RNAs isolated from a variety of adult
rat tissues, and embryonic day (E) 15, E17, and E21 embryos
(Fig. 5A). We detected NGFI-C transcripts only in adult rat
brain. In addition to S1 analysis, a preliminary survey, using
in situ hybridization, of embryos aged 11.5, 14.5, and 17.5
days indicated no embryonic expression of NGFI-C (data not
shown). S1 analysis performed on cerebellum, midbrain, and
cortex isolated during the early postnatal period demon-
strated that NGFI-C expression was first detected by 1 week
of age and increased gradually until postnatal day (P) 17,
when it plateaued at levels similar to those observed in the
adult (Fig. 5B). NGFI-C expression was highest in the cortex
and almost undetectable in the cerebellum. Low levels of
NGFI-C expression were also detected using the reverse
transcription/PCR (17) in portions of the peripheral nervous
system, including the dorsal root and superior cervical gan-
glia and sciatic nerve (data not shown).

NGFI-C Is Activated in the Dentate Gyrus After
ECT. NGFI-C (7), like many other early-response genes that
encode transcription factors (e.g., NGFI-A, NGFI-B, and
c-fos), is rapidly activated in rat brain after seizure (18). To
more precisely localize the areas of the brain that express
NGFI-C after seizure, in situ hybridization was performed on
coronal brain sections harvested at various times after ECT
(Fig. 6). These studies revealed that NGFI-C mRNA levels
were markedly increased within 30 min after ECT and
returned to basal levels within 3 hr (n = 3). As depicted in Fig.
6, a prominent increase in NGFI-C mRNA occurs in the
granule cells of the dentate gyrus. This pattern of expression
is similar to, but more restricted than, that observed with
NGFI-A, which is also activated in the cerebral cortex.
NGFI-C induction was more prolonged than NGFI-A, as
high levels of NGFI-C mRNA were still present after 2 hr, but
the signal detected for NGFI-A was greatly diminished at this
point in the dentate gyrus.

DISCUSSION

We have cloned and sequenced the rat NGFI-C locus, an
early-response gene that encodes a zinc-finger protein of the
G(S)G element binding family (7). Other members of this
family include NGFI-A (4), Krox-20 (19), Sp! (20), WT1 (21),
and EGR3 (6). They are related by the close homology of their
DNA binding regions and, predictably, all recognize similar
or identical nucleotide sequences. Four members of this gene
family (NGFI-C, NGFI-A, EGR2, and EGR3) are early-
response genes. Each has a similar intron-exon structure,
with a single intron near the 5’ end of the coding region and
a highly homologous DNA binding region. Moreover, our
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analysis demonstrates five additional regions of homology
that are shared among all four of these proteins, four of which
are located in the amino-terminal region. The evolutionary
maintenance of these subdomains suggests they have critical
functions that are likely to include interactions with other
proteins involved in transcription. The three other regions
conserved among NGFI-A, EGR2, and EGR3, which are not
found in NGFI-C, suggest that, although NGFI-C may bind
to a similar or identical nucleotide recognition site, the
consequences of its interaction with this sequence may be
distinct.

The expression of NGFI-C is much morg restricted than
that of other members of this gene family, as it could only be
detected in the adult rat brain using a sensitive S1 nuclease
assay. In contrast, NGFI-A and Krox-20 are expressed in
numerous neural and nonneural tissues (refs. 17 and 22;
M. A. Watson and J.M., unpublished observations). In con-
trast to other members of this gene family, which are ex-
pressed during embryogenesis (17, 23, 24), NGFI-C expres-
sion is restricted to the postnatal period, a pattern similar to
NGFI-A expression in the brain and temporally correlated
with the increases in myelination, dendritic elaboration, and
electrical activity that take place in the postnatal rat brain.
Both genes also respond to synaptic activity as demonstrated
by their increased expression soon after seizure in the granule
cells of the dentate gyrus. NGFI-A expression has been
shown to be modified by different varieties of neuronal
activity such as the circadian rhythm (25), the establishment
of long-term potentiation (26), and physiologic synaptic ac-
tivity (27). The expression of NGFI-C in these and other
neuronal functions remains to be elucidated.

NGFI-C is located at human chromosome 2p13, which is
also the location of a constitutive fragile site (FRA2E) (28).
Associations between constitutive fragile sites and chromo-
somal rearrangements linked to specific neoplasms have been
suggested (28). Several cases in which a chromosomal trans-
location [t(2;14)(p13;q32)] brought 2p13 into proximity of the
heavy chain variable region, have been linked with adult
B-cell chronic lymphocytic leukemia (29), malignant lym-
phoma (diffused mixed small and large cell) (30), and child-
hood chronic lymphocytic leukemia, a rare condition in this
age group (31, 32). Interestingly, disregulation of another
neuron-specific zinc-finger transcriptional regulator, T-cell
translocated 1 gene (Ttg-1) (33), has been reported to be
associated with a lymphoid neoplasm (34). As NGFI-C also
encodes a zinc-finger transcriptional activator that is nor-
mally expressed only in neurons, it is possible that its
translocation may also result in inappropriate lymphocytic
expression and proliferation.

Note. While this paper was under review, the binding site for serum
response factor-related proteins was described (35). Although bind-
ing sites for this factor are found in the regulatory regions of a number
of early response genes, none are present in the 5’ flanking region of
NGFI-C. The sequence of human NGFI-C (termed pAT133) has been
published (36).
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