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ABSTRACT Nerve growth factor (NGF) induces the chro-
maffin cell line PC12 to differentiate into cells with many of the
properties of sympathetic neurons. We investigated the early
differentiative phase and identified a gene, PC4, rapidly and
transiently induced by NGF in PC12 cells. PC4 cDNA is
homologous to the partial sequence of a putative mouse P-
interferon and encodes a protein related to a lymphokine, the
rat y-interferon protein. Nonetheless, PC4 appears devoid of
antiviral activity. PC4 is expressed in proliferating and differ-
entiating tissues, such as amnion, placenta, and brain at
embryonic day 13.5. The relationship ofPC4 to interferons and
lymphokines suggests that it could play a role in regulating gene
activity in the pathways induced by NGF.

Nerve growth factor (NGF) was the first neurotrophic factor
discovered in a class of molecules responsible for nervous
system development and differentiation. NGF promotes the
survival and the maintenance of sympathetic and some
sensory neurons, such as those of the dorsal root ganglia and
the trigeminal nuclei (1-3). NGF is also able to induce the
chromaffin cells of the fetal adrenal medulla, a neural
crest-derived tissue, to differentiate into sympathetic neu-
rons (4), a phenomenon well represented in vitro in the clonal
cell line PC12 (5). Since the precursors of chromaffin cells in
vivo become determined toward the neuronal lineage before
the onset of NGF influence (6), NGF can be regarded as a
specific factor of commitment toward the sympathetic phe-
notype. The action of NGF is transcription-dependent (7).
Genes regulated by NGF have been found, such as the
protooncogenes c-fos and c-myc, whose mRNA levels are
rapidly increased in PC12 cells by NGF (8). It is conceivable
that the genes induced rapidly after NGF exposure in PC12
cells, before a detectable neurite outgrowth occurs, are
responsible for the early NGF-dependent commitment of the
chromaffin cell to the neuronal phenotype. The same genes
when negatively regulated, could, moreover, account for the
plasticity of this cell line, which returns to the chromaffin
phenotype if NGF is withdrawn from the culture medium. To
explore these ideas, we attempted to identify and clone genes
induced by NGF in PC12 cells within the first hour of activity.
We believe that such an approach also allows the study ofthe
proliferative activity induced by NGF (9). Although in PC12
cells proliferation can be distinguished from differentiation,
they may well share features in common, such as oncogene
induction and/or derepression of transcription. The temporal
choice was further motivated by our desire to analyze the
involvement of cyclic AMP (cAMP) in early gene regulation
by NGF, since cAMP and NGF act synergistically in stim-
ulating neurite outgrowth and cellular protein and RNA levels
in PC12 cells (10, 11).

We cloned two genes, whose RNA levels are rapidly
induced by NGF in PC12 cells. One of these, PC4, shows
homology to the partial sequence of a putative mouse 8-
interferon (,8-IFN; ref. 12) and is also related to the rat 'y-IFN
protein (13). The other is the gene NGFI-A recently de-
scribed (14), which is homologous to a transcriptional regu-
latory factor.*

MATERIALS AND METHODS
Cell Culture. PC12 cells were obtained from D. Schubert

(Salk Institute) (5th passage) and grown in Dulbecco's mod-
ified Eagle's medium (DMEM) with 5% supplemented calf
serum (Irvine Scientific) and 5% horse serum (HyClone) in a
humidified atmosphere of 12% CO2 at 370C. COS-1 cells were
grown at 5% CO2 in DMEM and 5% fetal bovine serum
(HyClone). NGF (100 ng/ml) and N6,02'-dibutyryladenosine
3',5'-cyclic monophosphate (Bt2cAMP, 1 mg/ml, from
Sigma) were added to cell cultures in the logarithmic phase of
growth (about 75% confluent).
RNA Isolation and Analysis. Cytoplasmic RNA was ob-

tained from PC12 cells using the lysis method with 0.5%
Nonidet P-40 (15) and was used for the construction of the
cDNA libraries. Total cellular RNA was used for Northern
blot analysis and was obtained by extraction in 4 M guanidine
thiocyanate followed by centrifugation through a CsCl cush-
ion (16). The RNA was separated electrophoretically on 1.2%
agarose/2.2 M formaldehyde gels, transferred to nitrocellu-
lose filters and hybridized to the PC4 probe, excised from the
site Pst I in the pUC9 vector, and 32P-labeled with the random
primers procedure (17). The hybridization was in 50% form-
amide, 5x SSC (lx SSC = 150 mM NaCl/15 mM sodium
citrate, pH 7), 5 x Denhardt's solution (1 x Denhardt's
solution = 1% Ficoll/1% polyvinylpyrrolidone/1% bovine
serum albumin), 0.1% NaDodSO4, and 0.5 mg of salmon
sperm DNA per ml for 20 hr at 42°C. The blots were then
washed at 55°C in 0.1x SSC and 0.1% NaDodSO4.

Construction and Screening of cDNA Libraries. In a first
cDNA library of 8000 clones, the single-strand (ss-) and
double-strand (ds-) cDNAs were synthesized from total
cytoplasmic RNA of PC12 cells treated 1 hr with NGF (100
ng/ml), as described (18). After addition of homopolymer
(dC) tails, the ds-cDNA was annealed to a pUC9 vector
dG-tailed at the Pst I site and used to transform Escherichia
coli strain HB101. Differential screening was performed as
described (15). All of the 8000 transformants were individu-
ally grown in L broth with 50 ,ug of ampicillin per ml in 96-well
microtiter plates. The collection of clones in each plate was
replicated into LB agar plates using a device with 96 stainless
steel rods. Filter replicas were obtained by transferring the

Abbreviations: NGF, nerve growth factor; IFN, interferon;
Bt2cAMP, N6,02'-dibutyryladenosine 3',5'-cyclic monophosphate;
E, embryonic day.
*The sequence reported in this paper is being deposited in the
EMBL/GenBank data base (accession no. J04511).
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clones into Whatman 541 filter paper and, after a denatur-
ation step in 0.5 M NaOH, were hybridized to 32P-labeled
ss-cDNA probes generated by reverse transcriptase from the
RNA of PC12 cell cultures, either naive or treated 1 hr with
NGF (100 ng/ml). A second cDNA library was constructed
from the same total RNA (40 ,ug) using the simian virus 40
early promoter-based expression vector pcD as described
(19). Briefly, the first strand was synthesized by reverse
transcriptase using the oligo(dT)-tailed plasmid pcDV-1 as
primer and, after addition of homopolymer (dC) tails, an-
nealed to the (dG)-tailed pL1 linker. The second strand was
synthesized by using E. coli DNA polymerase and RNase H.
Competent E. coli (DHSa) cells were transformed with the
recombinant plasmid. Approximately 60,000 transformants
were plated.
Sequence Analysis. The nucleotide sequences were all

obtained by chemical cleavage (20) and compared to those
stored in GenBank, EMBL, and National Biomedical Re-
search Foundation (NBRF) nucleic files, using the program
Wordsearch (21). The amino acid sequences were then
compared to those stored in the NBRF protein database using
the program FASTP (22).

Transfection Experiments. Fresh monolayers of COS-1
cells in 9-cm plates were transfected with 10 gg of uncleaved
pcD-PC4 cDNA by the calcium phosphate precipitation
technique (23). After 48 hr, the culture medium and the cell
extract [obtained by sonication in 10mM Hepes (pH 7.5) with
5 mM dithiothreitol] were assayed for antiviral activity.

Antiviral Assay. The antiviral activity of PC4 was deter-
mined by measurement of the protective effect against
cytocidal infection in the rat kidney fibroblast cell line RtKII
(Lee Biomolecular Research, San Diego, CA) by the vesic-
ular stomatitis virus (VSV). RtKII cells seeded in 96-well
microplates in DMEM/2% fetal bovine serum were incu-
bated for 24 hr at 37°C with serial dilution of the medium or
the cell extract from COS-1 cultures transfected with pcD-
PC4. Then VSV (3 x 104 plaque-forming units) was added.
After 90 min at 37°C the cells were washed, incubated 24 hr
in DMEM/2% fetal bovine serum, fixed in absolute metha-
nol, and stained in 0.5% aqueous crystal violet. The IFN
standards were from Lee Biomolecular Research.

Dissection of Embryos. Pregnant rats (Bantin & Kingman,
Fremont, CA) were designated 0.5 day of gestation the
morning after a midnight breeding. The neural tube from
11.5-, 12.5-, and 13.-5-day-old embryos was dissected and
cleared from epithelial cells in Hanks' balanced salt solution,
with the aid of a dissecting microscope (Wild, Heerbrugg,
Switzerland), using electrolytically sharpened 0.5-mm tung-
sten wires. This dissection included the forebrain, midbrain,
and hindbrain vesicles.

RESULTS
Isolation of cDNA Clones Induced by NGF. Total mRNA

from PC12 cells treated for 1 hr with NGF (100 ng/ml) was
used to generate a cDNA library of about 8000 independent
clones with an average length of 1.5 kilobases (kb). Differ-
ential screening of all the transformants (see Materials and
Methods) gave eight colonies that hybridized to probes from
NGF-treated PC12 cells but not to probes from naive cell
cultures. The cDNA inserts of these clones were further
analyzed by Northern blot analysis. Four clones represented
RNAs induced by NGF. One of them, designated PC4, is
described here.

Induction of PC4 by NGF and Bt2cAMP in PC12 Cells. The
patterns of hybridization of PC4 cDNA to the RNA from
PC12 cells treated for different times with NGF or Bt2cAMP
are shown in Fig. 1. PC4 hybridized to an RNA species whose
levels were maximally induced by NGF after 2 hr (about 11
times, as measured by densitometry scanning) and then
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FIG. 1. Induction by NGF and Bt2cAMP of the RNA hybridizing
to the cDNA clone PC4. Ten micrograms of electrophoretically
separated RNA, extracted from PC12 cell cultures treated with NGF
(100 ng/ml) or Bt2cAMP (1 mg/ml) for the indicated times (hours),
was blotted on nitrocellulose filters and hybridized with the cDNA
clone insert 32P-labeled to a similar specific activity of -1.5 x 106
dpm/ng (for a total of 60 x 106 dpm). Arrows indicate the position
of the rRNA bands. To control that equal amounts of intact RNA
were loaded, filters were separately hybridized to a 32P-labeled
mouse H4 histone cDNA fragment ('80-120 x 106 dpm; lower
band). The filters were exposed overnight at -70°C to an x-ray film.

decreased to basal level within 18 hr. The size of the
transcript hybridizing to PC4 was about 1.95 kb. We also
tested the inducibility ofthe RNA levels ofPC4 by Bt2cAMP,
as an indication of the involvement of cAMP in the early
regulation of gene expression by NGF. No appreciable
induction was detected (Fig. 1).
Sequence Analysis of PC4 and Isolation of pcD-PC4. The

nucleotide sequence of PC4 cDNA was determined. The
search for similarities showed that the nucleotide and protein
sequences of the clone PC4 were homologous to a putative
mouse ,B-IFN cDNA, a partial sequence originally named
pMIF20/11 (12). Because of this finding, a full-length copy of
PC4 was cloned. About 100 clones hybridizing to PC4 were
found in a cDNA library constructed according to Okayama
and Berg (19); the longest clone, pcD-PC4, was 1722 nucle-
otides in length, plus about 200 nucleotides of the poly(dA)
tail, and contained an open reading frame coding for a protein
of 449 amino acids (nucleotides 146-1492, Fig. 2 A and B).
The methionine in position 146 is the first residue, since it is
preceded by stop codons in all of the frames. pcD-PC4
contains a 5' untranslated region of 145 nucleotides and a 3'
untranslated region of 230 nucleotides. In the latter region a
signal for polyadenylylation was observed at nucleotide 16%,
and an (A+T)-rich sequence, considered to be a signal for
rapid degradation of the mRNA (24), was observed at
nucleotides 1628-1638. This may account for the observed
decrease with time in the size of the mRNA hybridizing to
PC4 (Fig. 1). A comparison of the protein encoded by the
clone pcD-PC4 with the mouse putative 4-IFN protein (12)
showed 97% identity in 64 overlaps in the COOH-terminal
region (residues 386-449, Fig. 3). Interestingly, the same
region of the pcD-PC4 protein also showed homology to the
rat y-IFN (ref. 13; Fig. 3), attaining statistical significance
with a standard deviation above the scrambled number of
+4.5 (ref. 25; R. F. Doolittle, personal communication). This
similarity spans the entire y-IFN sequence, a feature not
observed in any other comparison. Some homology of
pcD-PC4 to the human ,j1-IFN protein was also observed but
to a lower degree than with rat y-IFN (Fig. 3). No evident
homology to the mouse 8-IFN protein was found (ref. 38;
data not shown). The cysteine in position 1 in the rat y-IFN
and position 31 in the human 11-IFN appears to be conserved
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1 TCTCACCCGCOCCGCTCCTCGCCTCTCTTGTTAGCCGGAGACTCGCCTCTCAGCCGCCCGCCGCACAGACGCACGAGTATACAGTGCAGCTCCATCGGCTGATCCT
B 10~l 20

Met Prd Lye Ann Lye Lys Arg Aen AlaPro His Arg Gly Gly Gly Giy Gly Gly GlySer

107 TGCTGAGCTCCAAGTGTAGGCGGCACCGGGCGGCCCACG ATG CCG AAG AAC AAG AAG CGG AACGCT CCC'CAC CGC GGTGGCGGG GGT GGCGGC GGC TCC
30 40 50

Gly Ala Ala Thr Ser Ala Ala Thr Thr Gly Gly ProH1i Arg Thr Val Gln Pro Phe Ser Aep Glu Aep Ala SerIle Glu ThrMet Ser
206 GGG GCAGCG ACG TCGGCGGCC ACG ACA GGT GGC CCG CAT COG ACTGTT CAA CCT TTC AGTGATGAA GACGCA TCC ATTGAA ACA ATG AGC

60 70 80
H1i Cye Ser Gly Tyr Ser Asp Pro Ser Ser Phe Ala Glu AspGly Pro Glu Val Leu AspGluGlu Gly Thr Gln Glu Asp Leu Glu Tyr

296 CAC TGC AGT GGC TAT AGCGAT CCT TCC AGT TTCGOCG GAG GATGGA CCAGAAGTT CTTGAT GAG GAA GGA ACT CAG GAA GAC TTA GAG TAC
90 100 110

Lys Leu Lye Gly LeuIle Aep Leu Thr Leu Aep Lye Ser Ala Lye Thr Arq Gln Ala Ala LeuGluGly Val Lye Aen Ala Leu Ser Ser
386 AAG TTG AAG GGA TTA ATTGAC CTA ACC CTTGAT AAG AGTGCG AAG ACA AGA CAGGCAGCT CTTGAA GGTGTT AAA AATGCG CTG TCT TCA

120 130 140

Lys Val Leu TyrGlu Phe Val LeuGlu Arg ArqMet Thr Leu Thr Amp SerIleGlu Arq Cye Leu Lye Lys Gly Lye Ser AepGlyGln
476 AAAGTG CTG TATGAG TTTGTT CTCGAG AGA AGA ATG ACT TTA ACTGAT AGC ATTGAG CGC TGT CTG AAA AAAG&A AAG AGTGATGGG CAG

1 qn 160 170

Arg Ala Ala Ala Ala Leu AlaSer Val Leu Cy oIle Gln LeuGly ProGly Leu Glu SerGluGluIle Leu Lye Thr LeuGly ProIle
566 CGC1QQA OCT A T TC OTT C OTA GMA AGTGAAGAG ATT TTAAAG ACT CTTGGA CCA ATC

180 190 200

Leu Lye LyeIleIle Cye AspGly Thr Ala Ser Ile Gln Ala Arg Gln Thr Cye Ala Thr CyJ Phe Gly Val Cye Cye Phe Ile Ala Th5
656 CTA AAA AAA ATA ATT TGT GAT G&A ACA GCG AGT ATC CAG GCT AGG CAGIACT TQTGCAACTTGCTTTGT GTT TOC TGT TTT ATT CC

210 220 230
Amp Asp Ile ThrGlu Leu Tyr Ser Thr LeuGlu Cys LeuGluGly Ile Phe Thr Lye Ser Tyr Leu LyeGlu Lye Amp Thr Asn Val Pro

746 GAT GAC ATC ACTGAG CTG TAT TCA ACT CTG GAG TGC TTG GAA GGT ATC TTC ACCAAG TCC TAC CTT AAA GAG AAA GAC ACG AACGTT CCT
240 250 260

Cym Ser Thr Pro Ann Thr Val Leu His Ile Ser Ser Leu Leu Ala Trp Thr Leu Leu Leu Thr Ile Cys Pro Ile Seo Glu Val Lye Lys
836 TGC AGC ACT CCTAAT ACAGTG CTT CAC LTC AGC CTT CTC GCA TGG ACG CTA C C T GAA GTG AAG AAA

270 280
''

Lys LeuGlu Leu Him Phe His Lys Leu Pro Ser Leu Leu Ser Cys Amp Amp Val AnnMet Arq Ile Ala AlaGlyGlu Ser Leu Ala Leu
926 AAGCTG GAG CT CAT TTCCAT,AAACTT CCA AGC CTC CTT TCT TGT GAT GAT GTA AMC ATG AGA ATT GCT OCT GOC GAM TCT TTG GCA CTT

300 310 320
Leu Phe Glu Leu Ala Arg Gly MetGlu Ser Asp Phe Phe TyrGlu Asp Met Asp Ser Leu ThrGln Met Leu Arg Ala Leu Ala Thr Amp

1016 CTG TTT GMA TTG GCC AGA GGA ATG GAG AGTGAC TTT TTT TAT GAA GAT ATG GAT TCT TTG ACC CAG ATG CTC CGG OCT CTG GCT ACAGAT
330 340 350

Gly Aen Lye His Arg Ala Lys Val Amp Lye Arg Lys Gln Arq Ser Val Phe Arg Amp Val Leu Arg Ala Val Glu Glu Arg Amp Phe Pro
1106 GGAAAT AAA CAC CGTGCC AAA GTG GACAAG AGAAAG CAG CGC TCTGTC TTC AGAGACGTC CTG AGG GCTGTG GAG GAA CGG GAT TTT CCA

360 370 380
ThrGlu Thr Val Lye Phe Gly ProGlu Arq Met TyrIle Amp Ser Trp Val Lye Lys His Thr Tyr Amp Thr Phe LyeGlu Ala LeuGly

1196 ACA GMA ACTGTT AAA TTC GGT CCTGAG CGC ATG TAT ATTGAT AGC TGG GTCAAAAAG CAC ACC TATGAC ACG TTT AAA GAGGCT CTTGGA
390 400 410

Ser Gly Met Gln Tyr His Leu Gln Thr Asn Glu Phe Leu Arg Ann Val Phe Glu LeuGly Pro Pro Val Met Leu Amp Ala Ala Thr Leu
1286 TCAGGG ATG CAG TAC CAC TTG CAQACA MT GAA TTC CTT COCAATGTA TTT GAG CTG G0G CCC CCT GTG ATG CTC GATGCTGCA ACA CTT

420 430 440
Lys Thr Met Lye Ile Pro Arg Phe Glu Arg His Leu Tyr Asn Ser Ala Ala Phe Lys Ala Arg Thr Lye Ala Arq Ser Lye Cys Arg Asp

1376 AAA ACC AT6 AAG ATT CCT CGT TTT GAM AGG CAT TTA TATAAC TCTGCAGCT TTC MAA GCT CGA ACA AAA 0CC CGA AGCAAA TGC CGAGAT
Lys Arg Ala Asp Val Gly Glu Phe Phe

1466 AAG AGAGCAGATGTTGGA GMA TTC TTC TAGATGTCTGTCTTTGATGTCTGTTTTCTAATTTCTTCCTTTATTATTATTTTTGCTACTTCTAATGTACATAAGCTTTTAGA
157 6 GACTTTTTTATCTTGGTCAACTTAGAkTAATTTTTGRsTGTAGGGATGGGTTAaTTARTTTAATGTACAGTBTTACAAATTAATGAGTTCTTTATTCTGTAAAAATAACTGATAACCA
1695 CAAATAAAAGTGTTTGTGATOCTTGGTCMMMMAAMA

FIG. 2. Restriction map and sequencing strategy (A) and nucleotide and predicted amino acid sequence (B) of pcD-PC4 cDNA. (A)
Continuous line, untranslated regions; dotted lines, translated region; thick hatched lines, plasmid pcD; arrows, DNA fragments sequenced.
(B) Nucleotide sequence of pcD-PC4 is presented in the 5' to 3' orientation. The translational open reading frame is shown above the sequence.
Adenosine residues are found at the 3' end (about 200). Numbers above the translated sequence indicate amino acid residues. Nucleotide
numbers are on the left of the sequence. The poly(A) addition signal and the (A+T)-rich sequence are underlined. Dots indicate the region of
homology to the rat y-IFN signal peptide sequence. The major hydrophobic regions are boxed.

in PC4 (residue 276). The hydropathic profile of pcD-PC4
obtained by the Kyte and Doolittle algorithm (26) shows three
extended regions of hydrophobicity, between residues 142-
158, 187-200, and 240-256; the latter region ends where the
homology with the rat y-IFN's signal peptide begins (Fig. 3;
ref. 13). The NH2-terminal region (first 140 residues) is
essentially hydrophilic. An interesting feature of this portion
of the molecule is the presence of an oligoglycine stretch
(residues 13-19), encoded by the pen repeat, which consists
of clusters ofGGN triplets (27). This repeat is preceded by a
sequence of basic and hydrophilic residues and is followed
further downstream by an acidic region (residues 41-80, 15%
aspartic acid and 20% glutamic acid). No active enzyme or
potential N-glycosylation sites were identified along the
sequence of pcD-PC4.

Expression of pcD-PC4 in COS-1 Cells. The plasmid pcD-
PC4 was used to transfect COS-1 cells, a simian virus
40-transformed monkey kidney cell line (28). Northern blot
analysis (Fig. 4) of RNA from transiently transfected (48 hr)
cells showed high levels of PC4 mRNA, about 2 kb in size.
This size is consistent with a transcript beginning few
nucleotides before the initiation of the 5' noncoding region of
PC4-at the 16 S intron splicing site of the pcD plasmid

255 H iLLSCDDSDrfji pc4
-19 C-tA L SGCYCQGTL -SS -M rgi
11 NFQCQ WQLNGRaY.LKDWDI EE QQD TIN hbl

305 RA1PJDKRKQRVAE DFPTlV pc4
27 E KS$LDI N1 ILESQIISFYLRLF NQMSNNISVI rgi
61 r SSSTGWNETIMENLLA-N8@QINHLKTVLEEKLMKE hbl

1.... LRWELGP mb
355 KPj-PERMYIDcf-GS LQTNEFlRNVFELGPP pc4
77 ESHLITNFFSN QI rgi

110 DlJ-REQH-IMSc HL ILRNFY hbl

18 LDAATLMK ERHLYNSAAFKARTKARSKCRDKRADVGEF
403 DAATLKTMK ERLYNSAAFKARTKARSKCRDKRADVGEF
127SS
156FFI TGYIN

mob
pc4
rgi
hbl

FIG. 3. Comparison of the amino acid sequence of pcD-PC4 with
the IFN proteins. The computer program FASTP was used to generate
binary (pairwise) alignments with gaps of pcD-PC4 with IFN's
sequences. The region of homology of pcD-PC4 (residues 255-449,
pc4) to the rat y-IFN (rgi), to the human 81-IFN (hbl), and to the
partial sequence of the mouse f3-IFN (mb) is indicated. Open boxes,
identical amino acids; bold characters, conservatively substituted
amino acids.
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FIG. 4. Expression ofPC4 in transiently transfected COS-1 cells.
RNA blots of 8 ,ug of total RNA per lane isolated from the monkey
kidney cell line COS-1 were hybridized to 32P-labeled PC4 cDNA.
Lane 1, control cells; lane 2, transfected cells. The time of exposure
was 5 hr.

(19)-and terminating at the cDNA 3' terminus. No expres-
sion was observed in control cells (transfected with pcD
without insert). The antiviral assay of the culture medium and
cellular extracts did not show significant activity (the stan-
dard rat IFN used for reference-a mixture of the a and 13

forms-gave 280 units/ml).
Tissue Expression of PC4. To define the specificity of PC4,

it was hybridized to total RNA from the brain and several
other nonneural tissues ofthe rat (Fig. 5). PC4RNA appeared
in tissues such as placenta and amnion, which are actively
proliferating and secreting various growth factors (29). It was
also expressed in skeletal muscle, heart, and spleen. The
level of the PC4 transcript in the spleen was lower compared
to that observed in the other organs. Little or no expression
was observed in liver, kidney, and adult brain.
The expression of PC4 in embryonic and postnatal brain

was also examined. As shown in Fig. 6, PC4 mRNA expres-
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FIG. 5. Expression of PC4 in adult rat tissues. Eight micrograms
of total RNA per lane, obtained from PC12 cells, control or treated
1 hr with NGF (100 ng/ml), and from adult rat brain (B), placenta (P1),
amnion (Am), heart (H), spleen (S), skeletal muscle (M), kidney (K),
and liver (L), was hybridized with the 32P-labeled cDNA. Amnion
and placenta were from 14-day pregnant animals. The lanes 0 hrNGF
and 1 hr NGF were exposed for about 1/15th of the time of the other
lanes.

FIG. 6. Developmental expression of PC4 in the rat brain.
Northern blot analysis of8 ,ug of total RNA per lane isolated from the
brain of embryos or of postnatal animals was performed. Repre-
sented are the values of the densitometry scanning of each autora-
diographic band, normalized by using B-actin as reference probe. P,
postnatal day.

sion began in the neural tube at embryonic day 12.5 (E12.5),
was maximal at E13.5, but rapidly decreased within the next
2 days and was very low at later stages.

DISCUSSION
The homology of pcD-PC4 with the partial sequence of a
virus-inducible mouse gene (pMIF20/11; ref. 12), at the
protein and nucleotide level, suggests that PC4 is the analo-
gous form of this gene in the rat. Skup et al. (12) showed that
the protein obtained by hybrid-translation from pMIF20/11
had antiviral activity and some degree of homology to the
human /31-IFN and thus defined it as a new mouse B-IFN.
However, expression ofthe full-length pcD-PC4 cDNA in the
monkey cell line COS-1 did not provide evidence for the
expected antiviral activity. To clarify this point it will be
necessary to express the full-length cDNA clone of pMIF20/
11, which is not yet available. The same region ofthe deduced
protein sequence of pcD-PC4 cDNA that is homologous to
pMIF20/11 is also genuinely related to the rat y-IFN protein
more than to a ,B-IFN, either mouse or human (the sequence
ofthe rat f3-IFN is unfortunately not yet available). One of the
three extended hydrophobic regions of the protein sequence
(residues 240-256) immediately precedes the signal peptide of
the rat y-IFN. Whether this is an internal signal peptide
remains to be seen. Moreover, the conservation of a cysteine
residue in the same NH2-terminal region of the rat y-IFN and
human 831-IFN, in position 276 of PC4, suggests common
functional domains. The unusual glycine stretch at the NH2-
terminal of PC4 could also have functional significance,
although not related to the IFN homology, possibly as a
region of flexibility positioned between two domains of the
molecule with different charge.
The relation of PC4 to IFNs and lymphokines is intriguing,

especially because of the known actions of these molecules
on cell differentiation and proliferation (30, 31). Indeed, PC4
is expressed in proliferating tissues, such as amnion and
placenta, and in the embryonic brain (neural tube) at E13.5,
in a period mainly related to neuroblast division, which, in the
rat, continues until the second week of embryonic life (32).
On the other hand, between Eli and E13-E14, while neu-
roblast proliferation is still active, the postmitotic neurons
begin to differentiate (33). Furthermore, cells positive to a
neuronal marker (neurofilament protein) have been detected
in rat brain as early as E12 (34). Thus it is possible that PC4
plays a role in the proliferative or/and in the differentiative
processes in the embryonic brain. The expression of PC4
mRNA in skeletal muscle could be due to the satellite cells

Neurobiology: Tirone and Shooter
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(myoblasts), which express the NGF receptor (35). However
this does not explain the expression of PC4 in the heart,
where no satellite cells are present. PC4 appears moreover to
be regulated by NGF through pathways that are cAMP-
independent.

It is of considerable interest that rat y-IFN, to which PC4
is related, has been recently shown to facilitate the NGF-
'induced neuronal differentiation in PC12 cells, possibly via a
more rapid entry into a Go state (36). Indeed, y-IFN is a
lymphokine that inhibits cell proliferation to a greater extent,
relative to its antiviral activity, than the other types of IFN
(37). Our data are compatible with the idea that PC4 could
also be a member of the lymphokine family but one that is
devoid of antiviral activity. Since y-IFN is not regulated by
NGF in PC12 cells (unpublished results), this raises the
question as to whether PC4 is its physiological counterpart
controlling the proliferative and/or differentiative pathways
induced by NGF in PC12 cells. Ifsuch an action occurs, then,
by analogy to the effects of the lymphokines and IFNs (30,
31), it could be by regulating the expression of other genes,
possibly after autocrine secretion and binding to receptors
specific for PC4 on PC12 cells membrane. It remains to be
determined whether PC4 expression is under the control of
NGF in vivo.
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