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pip92 is a cellular immediate-early gene inducible by serum growth factors in fibroblasts. It is also induced
in the rat pheochromocytoma cell line PC12 by agents that cause proliferation, neuronal differentiation, and
membrane depolarization. We show that the pip92-encoded polypeptide is a proline-rich protein of 221 amino
acids, has an extremely short half-life, and is localized in the cytoplasm. We hypothesize that Pip92 plays a role
in mediating the cellular responses to a variety of extracellular signals.

Polypeptide growth factors regulate a variety of cellular
processes, including growth and differentiation. In cultured
mouse fibroblasts, one of the initial cellular responses to
serum growth factors is the transcriptional activation of a set
of specific genes even in the absence of de novo protein
synthesis. Among these immediate-early genes are those
thought to encode regulatory proteins that mediate the
growth response. Consistent with this hypothesis, there is
now a growing list of known or putative nuclear transcription
regulators encoded by immediate-early genes, including
members of the Fos and Jun families, Myc, and several zinc
finger-containing proteins (reviewed in references 3, 14, and
21). In addition to nuclear regulators, one might also expect
the induction of cytoplasmic regulatory proteins upon
growth factor stimulation. These proteins may regulate
signal transduction, protein synthesis, and the activities of
key biosynthetic and metabolic enzymes (18). While recent
studies on immediate-early genes have focused primarily on
those encoding potential nuclear regulators, the only cyto-
plasmic proteins encoded by immediate-early genes identi-
fied thus far are cytoskeletal proteins, including actin, tropo-
myosin, and a putative actin-associated protein (3). We
report here the characterization of a growth factor-inducible
immediate-early gene, pip92, that encodes a highly unstable
cytoplasmic protein. We hypothesize that Pip92 (proline-rich
induced protein) plays a role in mediating the cellular re-
sponses to a variety of extracellular signals.

pip92 expression and cDNA sequence. pip92 is an immedi-
ate-early gene that is expressed during the G,/G, transition
(originally called 3CH92 in reference 12). Its mRNA is
accumulated rapidly and transiently as quiescent fibroblasts
are stimulated with serum, platelet-derived growth factor
(PDGF), fibroblast growth factor (FGF), or 12-O-tetrade-
canoyl-phorbol-13-acetate (TPA). Transcription of pip92 is
activated within 2 min of serum stimulation, reaches a peak
level by 10 min, and is attenuated to low levelsin 1to 2 h
(13). Its mRNA is accumulated rapidly during liver regener-
ation following partial hepatectomy (16), suggesting that its
expression plays a role in cell growth in living animals as
well as in cultured fibroblasts.

A nearly full-length pip92 cDNA clone was isolated from a
BALB/c 3T3 cell cDNA library (13). Primer extension anal-
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ysis showed mRNA cap sites at 7, 8, and 12 nucleotides (nt)
upstream of the cDNA (not shown). The 5'-most 12 nt that
the cDNA lacks were deduced from the pip92 genomic
sequence; a TATA sequence occurs 25 to 28 nt upstream of
the 5’ most cap site (Fig. 1). Sequence analysis (22) of the
pip92 cDNA reveals an mRNA of 1515 nt, excluding the
poly(A) tail. The pip92 mRNA has a short half-life of about
10 to 20 min (13). However, its 3’ untranslated region,
though A+U rich, lacks the AUUUA sequence thought to
play a role in rapid mRNA degradation (23). Recently, a
cDNA (chxI) corresponding to a cycloheximide-superinduc-
ible mRNA in activated T lymphocytes was isolated (6); its
cDNA sequence is nearly identical to that of pip92.

pip92 is inducible by TPA, suggesting that protein kinase
C (PKC) substrates play a role in its activation (12). To
ascertain whether PKC activity is obligatory for pip92 acti-
vation, we utilized the observation that chronic treatment of
fibroblasts with TPA abolishes PKC activity (20). BALB/c
3T3 cells were treated with TPA for 24 h to down-regulate
PKC as described previously (17) and were compared with
untreated cells for responsiveness to various inducing agents
(Fig. 2A). An RNase protection assay (17) was devised to
detect the pip92 mRNA; T7 RNA polymerase transcription
of a Sacl-Ncol cDNA fragment cloned into the pGEM4
vector (Promega) yielded a 187-nt antisense riboprobe that
protected the pip92 mRNA from nucleotides 382 to 529. The
pip92 mRNA accumulated in naive cells in response to TPA
but not in cells pretreated with TPA, indicating that PKC
activity was effectively down-regulated. In contrast, cells
pretreated with TPA still responded to stimulation by serum,
PDGF, and FGF, indicating that pip92 can be induced
through PKC-independent pathways. This observation ap-
pears to be general for immediate-early genes (15, 17). The
levels of pip92 mRNA induction by FGF and PDGF were
lower in TPA-pretreated cells, suggesting that these growth
factors may act through the additive or synergistic action of
both PKC-dependent and -independent pathways to induce
pip92.

Whereas either cholera toxin, which elevates cyclic AMP
levels (4), or isobutylmethylxanthine, a phosphodiesterase
inhibitor (5), alone had little effect on pip92 expression, the
combination of the two agents induced a notable increase in
pip92 mRNA (Fig. 2A). These results suggest that pip92 can
be activated through a cyclic AMP-dependent pathway.
Although the B subunit of cholera toxin may also raise
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TATATTAAACTAGCGCGCTTGCTGCCCTGCGCCCGAACGT
GCGCCCGAACGTCTAGCAGAGTAC
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FIG. 1. Nucleotide sequence and the encoded amino acid sequence of the pip92 cDNA. Numbers at the left refer to the first nucleotides
on the lines, and numbers at the right refer to the last amino acids on the lines. The 5'-most nucleotides deduced from the genomic sequence
are shown in italics. The top line shows the upstream genomic TATA sequence. The polyadenylylation signal is shown in lowercase letters,
and the terminal (A)n denotes the poly(A) tail.

intracellular calcium levels (8), the calcium ionophore
A23187 does not appear to affect pip92 expression to any
significant extent.

We determined the tissue distribution of pip92 mRNA by

an RNase protection assay (Fig. 2B). pip92 mRNA was
found to be present in many tissues, most abundantly in the
testis, ovary, uterus, lung, and intestine.

The rat pheochromocytoma cell line PC12 is a suitable
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FIG. 2. (A) Induction of pip92 mRNA through multiple pathways. Shown are results of an RNase protection assay of pip92 mRNA in cells
stimulated with various agents, with or without TPA pretreatment as indicated. Cells were treated as described previously (17). P, Probe alone
(1/2,000 of the amount used in each reaction). Total RNA samples (10 ug) were isolated from either quiescent 3T3 cells (Q) or cells treated
with serum (S), TPA, PDGF, FGF, cholera toxin (C) and isobutylmethylxanthine (I), alone or in combination (C+I), and A23187 (A).
Numbers of nucleotides of size markers are given on the left. (B) Tissue distribution of pip92 mRNA. Total RNA isolated from various adult
BALB/c mouse tissues was subjected to RNase protection analysis. Protections with 10 pg of yeast tRNA (t), quiescent 3T3 cell RNA (Q),
and 1-h serum-stimulated cell RNA (1h; 1/10 of sample loaded) show specificity of the assay. Tissue RNA samples (10 pg) were from the
following sources: A, adrenal gland; I, intestine; Lu, lung; S, spleen; M, skeletal muscle; H, heart; U, uterus; O, ovary; P, pancreas; K,
kidney; L, liver; T, testis; B, brain; To, tongue; and St, stomach. m, Size markers (lengths are given in nucleotides on the left); p, probe alone.

model with which to examine the effects of diverse extracel-
lular signals, since it can be induced to undergo divergent
cellular responses by different agents (9). Upon addition of
nerve growth factor (NGF), these cells initially undergo cell
division and then differentiate into sympathetic neuron-like
cells and cease to proliferate. Epidermal growth factor
(EGF) stimulates proliferation but not differentiation (2). In
addition, PC12 cells have excitable membranes that can be
depolarized by either specific neurotransmitters or elevated
levels of extracellular KClI (9). Consistent with the observa-
tion that pip92 is transcriptionally activated in PC12 cells
upon stimulation by NGF, EGF, or KCl (1), we found that
pip92 mRNA was present in unstimulated cells and accumu-
lated to peak levels within 30 min to 1 h after stimulation by
each of these agents (not shown).

The Pip92 protein. The pip92 cDNA encodes a protein of
221 amino acids with a predicted molecular weight of 24,502
and a calculated isoelectric point of 8.29. This protein is
proline rich, is highly hydrophilic, and contains no potential
N-linked glycosylation site. Pip92 is not related to any
protein of known function, as judged by comparison of its
sequence with those in protein sequence data bases. To
generate antibodies against Pip92, a cDNA fragment encod-
ing amino acids 25 to 142 (nt 177 to 530) was fused down-
stream of the Escherichia coli trpE gene in the pATH-2
vector (7). This construct directs the inducible synthesis of a
TrpE-Pip92 fusion protein, which was used to immunize
New Zealand White rabbits (10). The antiserum raised
against this antigen, but not the preimmune serum, immu-
noprecipitated the Pip92 polypeptide translated in vitro (data
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FIG. 3. Synthesis of Pip92 in BALB/c 3T3 and PC12 cells. (A)
Quiescent BALB/c 3T3 cells were serum stimulated for the indi-
cated times as described previously (17). The cells were metaboli-
cally labeled with [**S]methionine during the last hour of stimula-
tion, and cell lysates were immunoprecipitated as described
elsewhere (10) with anti-Pip92 antiserum. Extracts from cells stim-
ulated with serum for 2 h (lane 1) and logarithmically growing cells
(lane 2) were immunoprecipitated with preimmune serum, and
log-phase cells were immunoprecipitated with immune serum (lane
3). Lane 4, *C-labeled molecular weight markers; lane 5, in vitro
translation product of the pip92 sense RNA. (B) Synthesis of Pip92
in PC12 cells. PC12 cells were stimulated with NGF, EGF, or KCl
for the indicated times as described previously (1) and metabolically
labeled with [**SImethionine during the last 15 min of stimulation.
Cell lysates were immunoprecipitated with anti-Pip92 antiserum. IT,

MoL. CELL. BioL.

not shown). BALB/c 3T3 cells stimulated with serum and
metabolically labeled as described previously (17) synthe-
sized a polypeptide of apparent molecular weight 33,000 that
was immunoprecipitated with immune serum but not with
preimmune serum. The migration of this cellular protein on
sodium dodecyl sulfate-polyacrylamide gels was indistin-
guishable from that of the pip92 cDNA-encoded protein
translated in vitro (Fig. 3). Immunoprecipitation of this
protein was efficiently blocked by the unlabeled TrpE-Pip92
fusion protein but not by the TrpE protein (data not shown).
We conclude that this polypeptide is the pip92-encoded
protein.

We examined the kinetics of Pip92 synthesis in both
BALB/c 3T3 and PC12 cells. 3T3 cells were metabolically
labeled with [**S]methionine for the last hour before harvest
(17), and cell lysates were immunoprecipitated with anti-
Pip92 antibodies. Synthesis of Pip92 peaked 1 h after serum
addition and declined rapidly to background levels between
2 and 8 h after serum addition (Fig. 3). Cell-labeling exper-
iments using 3?P; indicate that Pip92 is not phosphorylated
(data not shown).

While unstimulated PC12 cells had detectable levels of
Pip92, synthesis of Pip92 was increased severalfold within 30
min to 1 h after stimulation with NGF, EGF, or KCI (Fig.
3B). By 2 to 3 h after the addition of these agents, the
synthesis of Pip92 dropped below the background level. This
observation can be attributed to the complete disappearance
of the pip92 mRNA as a result of transcriptional repression
following stimulation (1; data not shown).

We used a fractionation procedure to determine the cellu-
lar localization of Pip92. Metabolically labeled serum-stim-
ulated 3T3 cells and NGF-stimulated PC12 cells were sepa-
rated into cytoplasmic and nuclear fractions as described
previously (19). Each sample was first immunoprecipitated
with the anti-Pip92 antiserum, and the supernatant was then
immunoprecipitated with anti-Fos antibodies (Ab-2; Onco-
gene Science, Manhasset, N.Y.). Since pip92 and c-fos are
coregulated in these cells (1, 13), the same metabolic labeling
protocol is appropriate for the simultaneous detection of
both Fos and Pip92. The results showed that Pip92 was
localized in the cytoplasmic fraction in both 3T3 and PC12
cells (Fig. 4A). As expected, Fos was found predominantly
in the nuclear fraction with an apparent molecular weight of
approximately 62,000, indicating that the fractionation pro-
cedure is valid.

A pulse-chase experiment was carried out to determine
the half-life of Pip92. BALB/c 3T3 and PC12 cells were
stimulated for 30 min with serum and NGF, respectively,
and then metabolically labeled with [**S]methionine for 5
min and chased for various times in medium without label
(Fig. 4B). In both cell types, Pip92 was degraded extremely
rapidly, with an estimated half-life of 5 to 10 min. The short
half-life of the pip92-encoded mRNA and protein are consis-
tent with its gene product playing a regulatory role.

Although initially isolated as a gene inducible by mitogens
in fibroblasts, pip92 is also inducible by agents that cause
disparate cellular responses in PC12 cells. Responsiveness
to a broad range of stimuli has also been observed for other
immediate-early genes, in particular those that encode nu-
clear regulators (24). It is thus possible that such genes

In vitro translation product of pip92. Preimmune serum was used to
immunoprecipitate lysates from unstimulated cells (PO) and cells
stimulated with NGF for 3 h (P3). M, “C-labeled molecular weight
markers. Arrows point to the Pip92 bands. ‘', Minutes.
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FIG. 4. (A) Subcellular fractionation. (I) PC12 cells metabolically labeled with [>**S]methionine for 30 min during NGF stimulation were
separated into nuclear (lane 1) and cytoplasmic (lane 2) fractions and immunoprecipitation with anti-Pip92 antiserum (II) BALB/c 3T3 cells
stimulated with serum for 1 h were metabolically labeled with [>2S]methionine and separated into cytoplasmic (lane 1) and nuclear fractions
(lane 3). The nuclear fraction was washed to remove cytoplasmic contaminants (lane 2). These samples were immunoprecipitated with
anti-Pip92 antiserum. (III) The samples shown in panel II were 1mmunoprecnp1tated with anti-Fos antibodies after precipitation with anti-Pip92
antiserum. The lower-molecular-weight band in the nuclear fraction (lane 3) is likely to be c-Jun coprecipitated with Fos. M in each case
represents molecular weight markers; the approximate molecular weight of each polypeptide is indicated on the left in thousands. (B)

Degradation of Pip92. BALB/c 3T3 cells and PC12 cells were pulse-labeled for 5 min with [>**Sjmethionine after a 30-min stimulation with
serum and NGF, respectively, and chased for the indicated times (in minutes). Cell lysates were immunoprecipitated with anti-Pip92

antiserum. M, Molecular weight markers.

encode components of overlapping pathways that mediate
the cellular responses to a variety of extracellular signals (1,
11, 24).

Little is known about the potential role of immediate-early
gene-encoded proteins as cytoplasmic regulators. While the
activities of a number of cytoplasmic kinases are rapidly
activated upon growth factor stimulation, these proteins
appear to be largely regulated by posttranslational modifica-
tion (14). The cytoplasmic localization and short half-life of
Pip92 protein raise the intriguing possibility that Pip92 is a
regulatory protein that functions in the cytoplasm.

Nucleotide sequence accession number. The nucleotide
. sequence reported here has been deposited in the EMBL and
GenBank nucleotide sequence data bases under accession
number M33756.
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