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Transcription of the c-rel proto-oncogene was induced transiently when resting mouse NIH 3T3 fibroblasts
were stimulated with serum or phorbol-12-myristate-13-acetate. Addition of cycloheximide increased the
steady-state levels of c-rel mRNA. These results indicate that c-rel is another member of the early-response gene
family.

Expression of proto-oncogenes is modulated during cell
growth, differentiation, and development. On the basis of
their putative functions, the products of proto-oncogenes
can be classified into the following three categories: (i)
growth factors and receptors, (ii) mediators of signal trans-
duction, and (iii) transcriptional regulators. Several investi-
gators have shown that the mRNA levels of nuclear proto-
oncogene products, likefos, myc, andjun, also referred to as
early-response genes (33), increase in response not only to
mitogens but to a wide variety of agents ranging from
differentiation factors to pharmacological drugs (1, 4, 12, 19,
22-25, 31). The nuclear proteins fos and jun have been
shown to be regulators of eucaryotic transcription (5, 13, 14,
26, 28). Because p59vre', the product of the transforming
gene of reticuloendotheliosis virus (10, 11), was detected in
the nuclei of infected fibroblasts (16, 17, 36) and has the
ability to trans-activate the transcription of certain promot-
ers (15), we became interested in determining whether c-rel,
the cellular homolog of v-rel (40), also belongs to the family
of early-response genes.
The c-rel proto-oncogene product shares extensive amino

acid sequence identities with the Drosophila dorsal gene
product (37), which is essential for establishing dorsal-
ventral polarity in developing embryos (reviewed in refer-
ence 2). The dorsal protein is specifically localized in the
peripheral nuclei of syncytial and cellular blastoderm stage
embryos (38). In contrast, the chicken c-rel protein has been
identified only in the cytosolic fraction (35) and is expressed
most abundantly in cells of the lymphoid lineage (7, 9).

Serum-inducible c-rel expression. The major mouse c-rel
mRNA has previously been reported as 7.5 kilobases (7). An
RNA of this size was barely detectable by Northern (RNA)
blotting with a c-rel probe in mouse fibroblasts stimulated
with serum, but it was clear that Northern analysis would
not be sufficiently sensitive for quantitation. Therefore, we
turned to an RNase protection assay to examine the kinetics
of induction of c-rel gene expression on addition of serum to
resting NIH 3T3 mouse fibroblast cells (Fig. 1A). Within 30
min of serum addition, a fourfold increase in the steady-state
levels of c-rel cytoplasmic RNA detected by RNase protec-
tion analysis was observed when normalized to 132-micro-
globulin expression (lane 2). Maximal levels of induced RNA
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were detected by 1 h (lane 3), and then RNA declined to near
basal levels by 3 h (lane 5). The kinetics of c-rel induction
were reminiscent of those with the c-fos gene (shown in Fig.
1B for comparison), except that the maximal levels of
induction were higher for c-fos (Fig. 1B, lane 2, 100-fold
versus 6-fold) and the decline to basal level was more rapid,
since no c-fos-specific transcripts were observed by 3 h (Fig.
1B, lane 3). The intensity of the protected fragments in the
RNase protection assay was compared with the intensity of
fragments protected by known quantities of in vitro-synthe-
sized, unlabeled sense RNA specific for c-rel or c-fos. On
this basis, we calculated that the number of mRNA mole-
cules per cell after serum stimulation rose from about 3 to
about 20 with c-rel (Fig. 2A) and to about 500 with c-fos (data
not shown). This explains why Northern blots proved to be
not sensitive enough for this study. When cycloheximide, an
inhibitor of protein synthesis, was added together with
serum (Fig. 1A, lanes 7 to 12), the levels of c-rel mRNA did
not decline to the preinduction level (lane 7); instead, they
continued to accumulate and remained high (25-fold) until at
least 5 h (lane 12). With c-fos (Fig. 1B, lanes 8 to 12), a
similar phenomenon was observed, except that the induction
levels were higher and the effect was already evident by 1 h
(Fig. 1B, lane 10).
Because cycloheximide superinduced c-rel expression,

c-rel RNA was readily detectable in serum-stimulated, cy-
cloheximide-treated NIH 3T3 cells by Northern analysis.
Figure 2B, lane 1, shows a Northern blot with the same RNA
used in Fig. 1A, lane 11, and lane 2 shows RNA extracted
from the human B-cell line Daudi as a positive control. The
sizes of the RNAs specific for c-rel were 7.5 kilobases for
mice and about 10 kilobases for humans. These sizes are in
agreement with those published before (7, 9), and this
confirms that we studied bona fide c-rel mRNA induction.
Cycloheximide alone, without serum, induced an increase in
the steady-state levels of both c-rel and c-fos mRNAs, but
the increase was lower than with cycloheximide and serum
together (Fig. 1C). Nuclear run-on experiments with cyclo-
heximide alone showed no increase in the levels of either
c-rel or c-fos nuclear transcripts (data not shown), thus
supporting the notion that cycloheximide acts to enhance the
posttranscriptional stability of these mRNAs. This indicates
that at least part of c-rel activation by serum is independent
of protein synthesis, a fact which had previously been
demonstrated for c-fos and c-myc (18, 22).

Expression of c-rel was also induced when NIH 3T3 cells
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were treated with the phorbol ester phorbol-12-myristate-

levels was observed when cells were treated with 80 ng of

TPA per ml for 60 min (lane 3). The kinetics of induction

with TPA essentially paralleled those of serum induction

(Fig. 1A). Again, the effect was greater with c-fos (shown in

parallel for comparison [30]). The induction with TPA sug-

gests that c-rel expression can be modulated by protein
kinase C.

c-rel induction at the level of transcription. The data in Fig.
1 show augmented steady-state levels of c-rel mRNA. To

determine whether the augmented steady-state levels of c-rel

mRNA induced by serum were due to increased transcrip-
tion, nuclear run-on experiments were performed with nuclei
isolated from serum-starved and 20% fetal bovine serum-
treated cells and used for RNA transcription in vitro. A
fourfold increase in c-rel-specific transcripts was detected at
1 h; this then declined to the basal level by 4 h (Fig. 4). As
controls, similar assays for c-fos and 32-microglobulin
showed an 11-fold increase in c-fos gene transcription,
whereas the levels of P2-microglobulin transcripts were
unchanged (Fig. 4). Since the time course of increase in
nuclear run-on is consistent with the time course of accumu-
lation ofmRNA (Fig. 1), we conclude that, as with c-fos, the
increase in c-rel mRNA following addition of serum occurs
at the level of transcription.
Our results indicate that c-rel is a member of the growing

family of early-response genes. This finding is in agreement
with that of Bravo et al. (6) that one of the many serum-
inducible genes in mouse fibroblasts has homology with the
chicken c-rel gene. The premise that c-rel is a transcriptional
regulator has been partially confirmed by the finding that
v-rel can induce the transcription of a number of promoters
(15). Furthermore, chimeric constructs containing a lexA
DNA-binding domain linked to the chicken c-rel proto-
oncogene has been shown to trans-activate the transcription
of 3-galactosidase downstream of a lexA operator and the
Saccharomyces cerevisiae GAL] promoter in S. cerevisiae
cells (T. Gilmore, personal communication). Although we
have shown that c-rel is inducible in fibroblasts in response
to serum or TPA, it is constitutive in lymphoid cells (7, 9; P.
Bull, unpublished data). Interestingly, lymphoid cells are the
only cells in which constitutive expression of c-rel has been
observed. The dual localization of v-rel protein in either the
cytoplasm or nucleus (16, 17) is reminiscent of another
lymphoid transcription factor, NF-KB, which is found in the
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FIG. 1. Analysis of c-rel mRNA following induction. Confluent 150-mm-diameter dishes of NIH 3T3 cells were serum starved (0.5%
serum) for 24 h before stimulation. The starved cells were induced with 20% fetal bovine serum (A and B), 20% fetal bovine serum and 10
,ug of cycloheximide (CHX) per ml (A and B), or 10 ,ug of cycloheximide per ml alone (C). Cytoplasmic RNA was isolated at the indicated
times as described by Maniatis et al. (29), and c-rel, c-fos, and P2-microglobulin mRNA levels were quantitated by an RNase protection assay
by hybridizing in solution 20 ,ug ofRNA and an anti-sense 32P-labeled RNA probe for c-rel, c-fos, or 132-microglobulin. Digestion of hybridized
products by single-strand-specific RNase A and RNase Ti yielded protected c-rel, c-fos, and P2-microglobulin species that were separated by
electrophoresis on 4% polyacrylamide-6 M urea gels. The gels were exposed with an intensifying screen at -80°C for 1 h to detect
P2-microglobulin and for 12 h to detect c-rel. For c-fos detection, the exposure time was 1 (B) or 12 (C) h. The bands were quantified by
densitometry of the X-ray film (A and C) or by Cerenkov counting (B). The ratios of the densitometric readings for c-rel or c-fos to that of
the P2-microglobulin band at each time interval were calculated, and the fold induction (compared with zero time) is shown at the bottom of
each panel. Each series of experiments was performed at least twice with similar results. The c-rel-specific probe was obtained as follows.
A mouse partial cDNA fragment encompassing nucleotides (nt) 941 to 1221 (numbered as described by Grumont and Gerondakis [21]) was
obtained from a mouse methylcholanthrene-transformed C3H 10T 1/2 Okayama-Berg cDNA expression library by amplification through
polymerase chain reaction (PCR), using the following oligonucleotides as primers for the PCR reaction: 5'CCAAATACTGCAGAATTAAGG
AT3' and 5'TCACTAACTTCCTGGTCAGAAGG3'. The PCR fragment obtained (280 base pairs long) was cloned by blunt-end ligation into
the SmaI site of the Bluescript SK(-) vector (Stratagene, La Jolla, Calif.) and sequenced as single-stranded DNA with the Sequenase kit
(U.S. Biochemicals, Cleveland, Ohio), which uses the chain termination method of Sanger et al. (34). The sequence obtained was identical
to the reported mouse c-rel cDNA sequence (21), except that bases 966 (T), 967 (A), and 970 (C) were missing in our clone. It was named
rel-PCR. This partial cDNA clone was used as a template to prepare a single-stranded antisense RNA probe using T3 RNA polymerase in
a transcription reaction assay containing [a-32P]UTP as described in the Promega Biotec catalog. The mouse c-fos-specific probe encompasses
part of exon 4, from nucleotides 2,504 to 2,800 (39). The 32-microglobulin-specific probes were obtained by using plasmid pSPT672 (which
contains P2-microglobulin cDNA) as a template for SP6 RNA polymerase cut with AccI (for the 180-nucleotide probe) or Hindlll (for the
250-nucleotide probe) (32).
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FIG. 2. (A) Quantification of the number of c-rel miRNA mole-
cules. rel-PCR was linearized with BamnHI and transcribed in vitro
with T7 RNA polymerase. RNA was purified by phenol extraction
and column chromatography through a Sephadex 050 column and
quantified by A260. Tenfold dilutions were processed by an RNase
protection experiment (lanes 3 to 7) together with 20 p.g of RNA
extracted from NIH 3T3 fibroblasts stimulated with 20% fetal bovine
serum and 10 gig of cycloheximide (CHX) per ml (lane 1). The gel
was exposed for 2 h. b, Bases. (B) Northern blot analysis of c-rel
expression. A 50-gig sample of cytoplasmic RNA extracted from
NIH 3T3 cells stimulated with 20% serum and 10 p.g of cyclohexi-
mide per ml for 4 h (lane 1) or a sample of exponentially growing
Daudi cells (lane 2) was fractionated by formaldehyde gel electro-
phoresis (29), blotted onto nitrocellulose, and hybridized with a
nick-translated human c-rel probe (8). The specific activity of the
probe was about 108 cpm/gig, and it was used at a concentration of
106 cpmlml. Filters were hybridized overnight, and washes were
performed at lx SSC (0.15 M NaCl plus 0.015 M sodium citrate) at
550C. The filters was exposed to X-ray film with an intensifying
screen for 1 week.

cytoplasm and upon activation with TPA is translocated in
the nucleus (3). It has been shown that in the cytoplasm
NF-KB is bound to an inhibitor, which is removed upon TPA
induction so that the protein can migrate to the nucleus to act
as a transcription factor. The relatively restricted distribu-
tion of c-rel protein to lymphoid tissue suggests that it is a
member of an NF-KB-like family of transcriptional regula-
tors which can be inducibly shuttled into the nucleus. We are
studying the role of c-rel protein in the transcriptional
regulation of other cellular genes. In addition, we have
preliminary evidence of detectable serum induction of a
80-kilodalton c-rel protein.
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FIG. 3. Effect of TPA on c-rel mRNA levels. Confluent 150-
mm-diameter dishes of NIH 3T3 cells were serum starved (0.5%
serum) for 24 h before stimulation. The starved cells were treated
with 80 ng of TPA per ml. Cytoplasmic RNA was isolated and
steady-state c-rel, c-fos, and P2-microglobulin mRNA levels were
determined as described in the legend to Fig. 1. The gels were
exposed for 12 h to detect c-rel and c-fos and for 1 h to detect
32-microglobulin. Each experiment was done twice, with the same

result. nt, Nucleotides.
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FIG. 4. Effect of serum treatment on the transcription rate of
murine c-rel. Transcription rates of c-rel, 32-microglobulin, and
c-fos were measured in a nuclear run-on assay. Nuclei from con-
fluent cultures of serum-starved NIH 3T3 cells treated for the
indicated times with 20% fetal bovine serum were harvested and
allowed to incorporate [a-32P]UTP into newly synthesized RNA by
transcription in vitro as described by Groudine et al. (20). Tran-
scripts (2.5 x 10' cpm) were selectively hybridized to 10 ,ug of a

denatured c-rel, 32-microglobulin, or c-fos DNA probe spotted on

nitrocellulose filters for 40 h at 65°C in a buffer containing 10 mM
N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (pH 7.4),
0.3 M NaCl, 10 mM EDTA, 50 p.g of tRNA per ml, 50 ,ug of
denatured salmon sperm DNA per ml, 2 x Denhardt solution, 0.2%
sodium dodecyl sulfate, and 0.05% sodium PP, as described by
Levine et al. (27). Specific hybridizing transcripts were quantitated
by scanning of the autoradiogram. The data (A) were taken from one

representative experiment. Densitometry readings are expressed as

ratios of c-rel-to-P2-microglobulin band intensities obtained after 1,
2, or 4 h of treatment as fold induction with respect to time zero. (B)
Autoradiograph of hybridized transcripts on which the quantifica-
tion was based. GEM 3, Plasmid pGEM3 (control).
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