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A Nerve Growth Factor—Induced Gene Encodes a
Possible Transcriptional Regulatory Factor

JEFFREY MILBRANDT

Nerve growth factor (NGF) is a trophic agent that promotes the outgrowth of nerve
fibers from sympathetic and sensory ganglia. The neuronal differentiation stimulated
by this hormone was examined in the NGF-responsive cell line PC12. Differential
hybridization was used to screen a complementary DNA library constructed from
PC12 cells treated with NGF and cycloheximide. One of the complementary DNA
clones that was rapidly induced by NGF was found to have a nucleotide sequence that
predicts a 54-kilodalton protein with homology to transcriptional regulatory proteins.
This clone, NGFI-A, contains three tandemly repeated copies of the 28— to 30—amino
acid “zinc finger” domain present in Xenopus laevis TFIIIA and other DNA-binding
proteins. It also contains another highly conserved unit of eight amino acids that is
repeated at least 11 times. The NGFI-A gene is expressed at relatively high levels in the
brain, lung, and superior cervical ganglion of the adult rat.

ERVE GROWTH FACTOR (NGF) 1s
N a polypeptide hormone that is re-

quired for the development and
survival of sympathetic and neural crest—
derived sensory neurons in vivo and in vitro
(1). NGF also participates in nerve regenera-
tion after injury (2) and plays a role in the
central nervous system (3). The effects of
NGF on the differentiation of sympathetic
neurons are manifested by an accelerated
outgrowth of nerve fibers and the induction
of several enzymes involved in neurotrans-
mitter biosynthesis (4). During the differen-
tiation process, specific genes are turned on
and off at precise times. This ordered pattern
of gene expression, resulting in the estab-
lishment of the neuronal phenotype, is pre-
sumably controlled by DNA-binding pro-
teins that act to regulate transcription.

The best characterized transcriptional ac-
tivating factor is the TFIIIA protein that
regulates the expression of 5§ RNA genes
during development in Xenopus laevis (5).
The DNA-binding region of this protein is
composed of nine tandemly repeated units
that contain two invariant pairs of Cys and
His residues (6). Each repeat unit is folded
around a single zinc ion that is coordinately
bonded to the Cys and His residues to form
a DNA-binding domain or “Zn finger.”
Amino acids capable of interacting with the
DNA helix (Lys, His, Asn, Gln, Thr, and
Arg) are located at the tip of each “Zn
finger.” This 28— to 30—amino acid DNA-
binding domain has now been identified in
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several other proteins involved in transcrip-
tional regulation, including yeast ADRI-
encoded protein (7) and the Kruppel gene
of Drosophila (8).

One model of neuronal differentiation is
the PC12 cell line (9), whose NGF-mediat-
ed transition from replicating adrenal chro-
maffin-like cells to sympathetic neuron-like
cells is prevented by the addition of RNA
synthesis inhibitors (10). This cell line, de-
rived from a rat pheochromocytoma, re-
sponds to NGF by extending neurites and
by increasing the transcription of several
genes, including ornithine decarboxylase
(11), GAP43 (12), and c-fos (13). The acti-
vation of the proto-oncogene c-fos is rapid
but transient in NGF-treated PC12 cells.
The c-fos transcripts accumulate to even
higher levels in cells stimulated in the pres-
ence of cycloheximide (CHX), in part be-
cause of an increase in messenger RNA
(mRNA) half-life (I14). Using c-fos as a
model of an early activated gene, I have
taken advantage of this CHX-mediated su-
perinduction to identify other early, NGF-
induced genes that may regulate neuronal
differentiation.

A complementary DNA (cDNA) library
containing 8 X 10° independent clones was
constructed in the vector Agtl0 (I5), by
using mRNA isolated from PC12 cells that
had been treated with NGF (50 ng/ml) and
CHX (10 pg/ml) for 3 hours. Initially, 8000
recombinants (1% of total library) were
screened by differental hybridization with
single-stranded cDNA probes complemen-
tary to mRNA from either unstimulated
PC12 cells (no NGF) or PC12 cells treated

with NGF and CHX for 3 hours. Three
different NGF-induced cDNAs were identi-
fied from this screen: c-fis, a protein that
binds DNA (16) and may function as a
trans-acting factor (17), NGFI-A, and
NGFI-B.

NGFI-A was sclected for further study.
This cDNA hybridized to a ~3.3-kb mRNA
that was induced by NGF (Fig. 1A, lane 3)
but accumulated to a much higher level in
PC12 cells treated with NGF and CHX
(lane 4). In PC12 cells grown without NGF
this mRNA could not be detected (lane 1).
However, when cells were treated with
CHX alone, the level of this transcript was
slightly increased (lane 2).

The time course of induction of the
NGFI-A mRNA was determined by isolat-
ing mRNA from PC12 cells treated with
NGEF for various lengths of time. Northern
analysis with the NGFI-A c¢cDNA probe
showed that the basal level of this transcript
was very low in PC12 cells (Fig. 1B), but
within 15 minutes after the addition of
NGF (lane 2) the level of NGFI-A mRNA

A7 34
- 288

- 188

Fig. 1. Identification of an NGF-regulated cDNA
clone. Total cellular RNA was isolated by the
method of Chirgwin (24). The cDNA library was
screened by differential hybridization with single-
stranded cDNA probes complementary to mRNA
from either naive PC12 cells (no NGF) or PC12
cells treated with NGF and CHX for 3 hours (25).
Phage from the NGFI-A cDNA clone were isolat-
ed on DEAE columns (26). DNA was purified
and digested with Eco RI. The cDNA insert was
isolated by electrophoresis on low-melting agar-
ose and labeled with *?P-labeled deoxyadenosine
triphosphate by oligo labeling (27). RNA electro-
phoresis and Northern blot analysis were per-
formed as described (13). (A) A Northern blot
containing RNAs from PC12 cells treated for 3
hours with (lane 1) no addition, (lane 2) CHX
(10 pg/ml), (lane 3) NGF (50 ng/ml), or (lane 4)
NGF and CHX, was probed with the NGFI-A
cDNA. The locations of the 28§ and 18S ribo-
somal RNAs are indicated. (B) Time course of the
NGF-mediated induction of NGFI-A mRNA.
RNA samples from PCI2 cells grown in the
presence of NGF for 0, 2, 15, 30, 45, 60, and 120
minutes, 13 hours, and 6 days (lanes 1 through 9,
respectively) were hybridized to 32P-labeled
NGFI-A ¢DNA insert. The 3.3-kb NGFI-A
mRNA is indicated.
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increased. The NGFI-A mRNA level peaked
approximately 30 to 45 minutes after the
addition of NGF (lanes 3 and 4) and persist-
ed for up to 6 days (lane 9). The rate of
induction of the NGFI-A gene was similar
to that of the NGF induction of c-fos (13),
but the rate of decay of NGFI-A was much
slower. The NGFI-A gene was also induced
by treating PC12 cells with the phorbol 12-
myristic 13-acetate (PMA) and the calcium
ionophore A23187 as has been demonstrat-
ed for the c-fos gene (18).

As shown in Fig. 2, the NGFI-A ¢cDNA is
3118 nucleotides in length and contains an
open reading frame from nucleotide 269 to
nucleotide 1876. Several in-frame Met co-
dons are present, but only the Met at nucle-
otide 353 contains the translational initia-
tion consensus sequence (CCG/ACCAT-
GG) (19). On the basis of initiation at this

site, the NGFI-A protein is 508 amino acids
long with an unmodified molecular size of
53,934 kD. Consensus polyadenylation sites
are located at nucleotide 1920, 3132, and
3143. Multiple copies of the sequence
ACAAAA are also present; this sequence has
been postulated to provide a protein-bind-
ing domain in either the gene or the corre-
sponding mRNA of the Kruppel gene (8).

A search of the NBRF protein database
(20) revealed that the NGFI-A protein is
homologous to the X. laevis transcriptional
factor, TFIIIA. As shown in Fig. 2, the
region of NGFI-A that is homologous to
TFIIIA extends from nucleotide 1277 to
nucleotide 1534. This region contains three
28— to 30-amino acid repeats. In the
TFIIIA molecule, the area of homology
contains nine copies of a similar 28— to 30—
amino acid repeat. In Fig. 3A, the three

F'g- 2_ Nuclcotide and dcduccd 1 CBCAGAACTTGGGGAGCCGCCGCCGLGAT AAGATCGGCCCC TGCCCCAGCC CCTGCGTCCACCAC

106 CCACCTAC CCTGCACCCCGCATGTAACCCGGCCAACATCCGGCGAGTGTGCCCTCAGTAG

amino acid sequence of the NGFI- al Z:gﬁggzﬁxjﬁmmccmmvummmuuwmum GG AT TGATGTCTCCGCTGCAGAT
. TTTCCTCACTCAC TACCCCAN TGCTGAGCAACGGGGC TCCCCAGT TCCTCOGTAE
ACDNA.ThCl‘lUClCOtldCSC(]uCl‘lCC 1 MONYPKLEEMMLLSNGAPQFLGA
was determined by the method of 2 Tecceen
Sanger et al. (28). The NGFI-A 2‘
cDNA was cloned in both orienta- 526 CAATCCTCAAGGGGAGCCGAGCGAACAACCE AGAGTCCTTTTCTGACAT ™
tionsintotthcoRIsitcofthc 59 NPQGEPSEQPYEHLTTESTFSDODIALNNEKALVEJTISY
. : 631 TCCCAGCCAAACTACCCGGTTGCCTCCCATCACK TC ACAGTGGCAACACTTTGTGGCCTGAACCCCTTTTCAG
Bllécscc;.lgt.plasmld (Stratagcnc)ci 94 PSQTTRKPPITV@GRFStEPAPNSGNYLVPEPLFS
an eletions were constructe

AATAAC T
AGTPEGSGGNNSSSSSSSSSG666G6G6GGG6SNSGS S AF
ey ]

736 CCTAGTCAGTGGCCTTGTGAGCATGACCAACCCTCCAACCTCT CTTCTCCAGCTGCTTCATCGTCT AGAGCCCACCCCT

WithExonuClcaSCIIIandmung 129 L VSG6LVSHTNPPTSSSSAPSPAASSSSSASQSEPPL
bean nuclease as described (29) 841 GAGCTGTGCCGTGCCGTCCAACGACAGCAGTCCCATTTACTCAGCTGCACCCACCTTTCCTACTCCCAACACTGACAT TTTTCC TGAGCCCCAAAGCCAGRCCTT
The numbers on the left refer to the 166 S CAVPSNOSSPIYSAAPTEFPTPNTOIFPEPQSQAF

l‘luClCOtidc SCunnCC (upper) and 946 TCCTGAC AGGGTGGTTTCCAGGT TCCCATGATCCCTGACTATCTGTTTCCACAACA
mcaminoacidscqucncc(lowcr) 19 PGS AGTALQYPPPAYPATKGGEFQVPMIPDYLFPQQ
The region corresponding to the
Zn-.ﬁngcr dan'alns 18 bF)Xcd. 'I.‘hc 1156 CGCCACTCAGTCGGGCTCCCAGGACTTAAAGGCTCTTAATAACACCTACCAGTCCCAACTCATCA AGT)
rcglonscontalnlngd]cClghtammo ZEQATOSGSODLKAK!NYYQSQLIKPSRNRKYPNRPSK
acid repeats are underlined. The
long stretch of Ser and Gly residues
is underscored by a heavy bar. A
potential phosphorylation site is o

. . . . 1471 1761 AAA G GAACGCAAGAGGCATACCAAAATCCACT TAAGACAGAAGGACAAGAAAGCAGACAAAAGTGTCGTGGCCTCC
circled. Potential sites for N-linked 37 Totx F At st thrahT et niamalssxrasnsvyassn
glycosylation are dotted.

TCCAGGGTCT ACCGTACCCAGCAGCCTTCGCTCACTCCACTATCCACTATCARAGCCTT
Q6D0LSLGTPDQKPFQG6LENRTOQQPSLTPLSTIKATF
.

CCAGCAA

1261 GACACCCCCCCATGAACGCCCGTATGCTTGCCCTGTT GCCGCTTTTC AGCT CATACAGGCCA
304 T PP HE[RPY ACPVESCDRRFSRSDELTRHAIRIHWTG.UQ

1366 GAAGCCCTTCCAGTGTCGAATCTGCATGCGTAATTTCAGTCAT. TACCACCCACATC AGAAGCCTTTTGCCTGTGACAT
339 [K P FQCRTCHMRNFSRSODHLTTHTIRTHTIGE[KPFACDTI
g

1576 TGCCTCTTCCCTCTCTTCC TACCTCCTACCCATCCCCCGCCACCACCTCATT CACCTCT
409 A S S L,SSYPSPVATSYPSPATTSFPSPVPTSYSSPG

1681 CTCCTCTACCT T
444 S, S T Y P S P AMHSGEFPSPSVATTYASVPEPAFPAQUVSTEF

1786 CCAGTCTGCAGGGGTCAGCAACTCCTTCAGCACCTCAACGGGTCTT TCAGACATGACAGCAACCTTTTCTCCTAGGACAAT TGARATTTGCTAAAGGGAATGARA
479 Q S A G V,SNSFSTSTGLSDODMTATFSPRTIETLCEN

1891 G, GCGAGAGACAATAAAGGAC) CCGCAAG T AGAGCCAAG
1996 TCCTTCTAGTCAGTAGAAGGCCCGTTGGCCACCAGCCCTT TCACTTAGCGTCCCTGCCCTCCCCAGTCCCGGTCCTTTTGACTTCAGCTGCC TGARACAGCCACG
2101 TCCAAGTTCTTCACCTCTATCCAAAGGACTTGATTTGCATGGTAT TGGATAAACCATT TGCTCCCTTCAGCACT
2206 AGAACATCAAGTTGGCTGAAAAAAAAAATGGGTCTBGBCCCTCABAACCCTBCCCTGTATCTTTGTACAGCATCTGTGCCATGGAT TTTGTTTTCCTTGGGETAT
2311 TCTTGATGTGAAGATAATTTGCATACTCTATTGTACTATTTGGAGT TARATTCTCACTT AAAGCCAAGCAAACCAATGGTGATCCTCTAT
2416 TTTGTGATGATCCTGCTGTGACATTAGGTTTGAAACTTTTTTTTTTTTTTGA ATTA AGTGTTGTTCCGTTAA
2521 TTTTGTAAATACTGCTCGACTGTAACTCTCACATGTGACAAAATACGGT TTGTTTGETTGGGTTTTTTGTTGTTTTTGAARARAARATTTTTTTTTTGCCCGTCE
2626 CTTTGGTTTCAAAAGTTTCACGTCTTGGTGCCTTTGTGTGACACACC TTGCCGATGGCTGGACATGTGCAATCGTGAGGGGACACGC TCACCTCTAGCCTTAAGG

2731 G661 il rr TGAGCTTTGGT TTAAAACAAMAAT
2836 CTGAACTCTCAARAGTCTATTTTTTTAACTGAARATGTAGAT TTATCCATGTTCGGGAGTTGGARTGC TGCGGT TACCTAC TGAGTAGGCGGTGACTT TTGTATG
2941 CTATGAACATGAAGTTCATTATTTTGTGGTTTTATTTTACTTCGTACTTGTGTTTGCTTAAACARAGTGACT TG TTGGCTTATARACACAT TGAATGCGCTTTA
3046 CTGCCCATGGGATATGTGGTGTGTATCCTTCAGAAAAATTAARAGGAAMATARAGRRACT AACTGGTAAAAAR
A B Residues Sequence
TFITIA Consensus X XD G|C|D|K(R|F| T K X X[LIK R X X X[HT|GE Rl 91-98 TSYPSQTT
R2 180-187 PTFPTPNT
NGFI-A  Repeat1 PVESs|cID|R|R|F|s|R|S D E|L|T R|H|I[R] I|H T|G Q R} 188-195 DIFPEPQS
NGFI-A Repeat 2 R 1 - -|CIM|R|N|F|S SDHI[LJT T I/R|TH T/G E R4 413-420 S SYPSPVA
NGFI-A Repeat 3 DI - -|C|G|R|K|F|A S DERKR T{K| I|H[L R Q RS 421-428 TSYPSPAT
Kruppel KI~—CSRSFGYHV-QN E|R|T|H T|]G E R6 429-436 T SFPSPVP
ADRI EV-»CTRRFAEQBHLKR Y|R|S(H TN E R7 437-444 TSYSSPGS
R8 445-452 STYPSPAH
R9 453-461 S GFPSPSVA
R10 462-468 TTYASVPP
R1l 476-483 S TFQ SAGV
S P XX

Consensus sequence [g][g]["‘{] 3

Fig. 3. (A) Alignment of the sequence of amino acids of the “Zn finger” repeats in the NGFI-A protein
with themselves and with the DNA-binding regions of several eukaryotic transcriptional regulatory
proteins. (B) Alignment of the highly conserved eight-amino acid repeat of the NGFI-A gene. A
consensus sequence is derived for positions at which at least 8 of the 11 repeats contain identical or
conservatively substituted residues.
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NGFI-A repeat sequences are aligned with
the TFIIIA repeat and similar sequences
from other DNA-binding proteins that reg-
ulate transcription. The high degree of simi-
larity is apparent from this comparison. The
most highly conserved residues are boxed;
these include the residues determined to be
most important in the nine TFIIIA repeats.

The NGFI-A sequence contains several
other unique features. It contains a stretch
of predominantly basic residues which ex-
tends from Arg 380 to Lys 401. Immediate-
ly following this basic region (at nucleotide
1556 and extending to the COOH-termi-
nus) is a hydrophilic region that is highly
enriched (59 of 107 residues) with Pro, Ser,
and Thr. Within this COOH-terminal por-
tion of the molecule another tandemly re-
peated unit can be distinguished. This is
illustrated in Fig. 4, where the predicted
amino acid sequence is compared to itself
and displayed in a dot matrix format (21).
The central, continuous diagonal results
from the perfect match of NGFI-A protein
with itself; the short diagonals offset from
the central one represent repeat units. One
set of three repeat units is located between
residues 309 and 394 and represents the
“Zn finger” domains discussed above. An-
other site of repeating units can be seen
between residues 413 and 487. This repeat
has a periodicity of eight amino acids and is
reiterated eight times. Three additional
copies of this repeat are located in the NH»-
terminal region of the molecule (Fig. 2).
These repeats are aligned with each other,
along with a consensus sequence, in Fig. 3B.

The NH,-terminal portion of the NGFI-
A molecule is also composed of a high
percentage of Pro, Ser, and Thr (45%) from
nucleotide 455 to nucleotide 1045. A po-
tential phosphorylation site (Thr/Ser-Gly-
Arg) is present at nucleotide 668. Several
potential N-linked, and many potential O-
linked, glycosylation sites are also present. A
curjous feature of this region is the stretch of
nine Ser residues directly followed by seven
Gly residues (Fig. 2). Interestingly, the same
codon, AGC, is used for each of the nine Ser
residues in this stretch. This triplet repeat,
called gpa, has been previously recognized in
the Notch gene, a gene that is involved in
Drosophila neurogenesis (22). The poly(Gly)
residues are encoded by a repeat cluster
called pen, which consists of clusters of
GGN (where N is any nucleotide) (23). The
juxtaposition of these two triplet repeats
may indicate that the critical functional fea-
ture of this region is the underlying nucleo-
tide sequence, rather than the amino acid
sequence. The repeating AGC or GGN mo-
tifs could represent protein binding sites in
the gene or in the RNA transcript.

To examine the expression of the NGFI-A
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Fig. 4. Dot matrix analysis of the amino acid
sequence of the NGFI-A protein. The amino acid
sequence is represented on both the horizontal
and vertical axes. Each 30-residue segment is
compared to all other 30-residue segments. A
homology score is calculated for each comparison
using the mutation data scoring matrix (20). A
dot is placed at the position given by the midpoint
of the two segments when the comparison score is
greater than 20.

Fig. 5. Expression of the NGFI-A gene in the
adult rat. Poly(A)* RNA (7.5 pg) from the
indicated tissues of 6-week-old Sprague-Dawley
rats was electrophoresed and transferred to nitro-
cellulose. The RNA blots were hybridized to the
NGFI-A cDNA. In the SCG lane only 12 pg of
total RNA was analyzed. The lane labeled PC12
contains 250 ng of poly(A)* RNA from PC12
cells treated with NGF and CHX. Tissues: PL,
placenta; LU, lung; HT, heart; BR, brain; SCG,
superior cervical ganglia; AD, adrenal; LV, liver;
and KD, kidney.

gene, RNA transfer analysis was performed
on samples from various tissues of the adult
rat. The NGFI-A gene is expressed at high
levels in the brain, lung, and superior cervi-
cal ganglia, and at a moderate level in the
adrenal gland; however, the amount of
NGFI-A mRNA is much greater in PC12
cells treated with NGF and CHX than in any
of the tissues tested (Fig. 5). In other tissues
NGFI-A transcripts are detectable but very
low in number. The signal detected in the
SCG lane reflects a high level of expression
in these cells, since approximately one-tenth
as much mRNA was loaded in this sample
(12 ug of total RNA versus 7.5 pg of
polyadenylated [poly(A)*] RNA for the
other tissues). The detection of NGFI-A
transcripts in the brain is interesting in light
of recent evidence that NGF-responsive
neurons are present within the central ner-
vous system (3). The expression in the lung
and the detection of a second, slightly larger,
transcript in this organ is not understood.
The widespread expression observed for the
NGFI-A gene opens the possibility that this
gene may be regulated by factors other than
NGF in some tissues.

The homology of the protein encoded by
the NGFI-A gene to other transcriptional
regulatory proteins suggests that it may have
a similar function. The recent demonstration
that c-fos is a DNA-binding protein, coupled
with the discovery of a third NGF-induced
gene, the NGFI-B gene, which is also ho-
mologous to transcriptional regulatory pro-
teins, supports the hypothesis that these
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rapidly induced genes encode proteins that
may play a role in initiating the differentia-
tion program elicited by NGF. It is likely
that genes that are rapidly induced in re-
sponse to other environmental cues or hor-
mones may also encode transcriptional regu-
latory factors.
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