
tumors examined. It is possible that A-  
MuLV could have initiated an early step 
in ABPL tumorigenesis but it was not 
required for the maintenance o f  the neo- 
plastic state, as was shown for several 
pre-B lymphosarcomas (14). Elimination 
o f  A-MuLV genome may have favored 
survival o f  that cell type because the 
gene product o f  v-ah1 has been shown to 
be toxic to certain cell types (15). Wheth-  
er ABPL's  can be induced by M-MuLV 
alone or by a concerted effort between 
the two viral elements in Abelson virus 
remains to be tested. 
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Expression of the c-fos Gene and of an fos-Related Gene 
Is Stimulated by Platelet-Derived Growth Factor 

Abstract. Complementaty D N A  clones of genes induced by platelet-derived 
growth fcictor (PDGF) in BALBlc-3T3 cells were isolated; one such clone contains a 
domain having nucleotide sequence homology with the third exon of c-fos. This 
nucleotide sequence homology is rejected in the predicted amino acid sequences of 
the gene products. Under low stringency conditions, the mouse v-fos gene cross- 
hybridizes with the PDGF-inducible complementary DNA clone. However, the 
messenger R N A  transcripts of mouse c-fos and the new fos-related gene can be 
distinguished by gel electrophoresis and by S1 nuclease analysis. Expression of the 
authentic c-fos gene is induced by PDGF and superinduced by the combination of 
PDGF and cycloheximide. 

W e  have described the isolation o f  a 
platelet-derived growth factor (PDGF)- 
inducible complementary D N A  ( cDNA)  
clone termed "pBC-JB" (1) .  Subfrag- 
ments o f  pBC-JB were cloned into M13 
mp8 and sequenced by the dideoxy 
method (2) .  The nucleotide sequence 
thus derived was screened for relation- 
ships to other genes recorded in the 
Genbank data base with a rapid similar- 
ity search algorithm o f  Wilbur and Lip- 
man (3) .  This screen indicated that the 
pBC-JB c D N A  insert (hereafSer abbrevi- 
ated as "r-fos") contained a domain with 
nucleotide sequence homology t o  the 
third exon o f  the mouse c-fos gene (4) .  
The nucleotide sequence o f  this homolo- 

gous region and the flanking sequences 
o f  r-fos which show little or no homology 
to the second and fourth exons o f  c-fos, 
are shown in Fig. 1 .  

The third exon o f  mouse c-fos contains 
an open reading frame encoding 36 ami- 
no acids. This sequence o f  36 amino 
acids is strongly conserved between 
mouse c-fos, its viral homolog, and hu- 
man c-fos (5) .  The domain o f  r-fos, 
which is homologous to the c-fos third 
exon, is contained within the longest 
open reading frame o f  the c D N A  clone. 
This reading frame dictates synthesis o f  
a peptide similar to that directed by the 
corresponding region o f  c-Ji,s messenger 
R N A  ( m R N A )  (Fig. 1 ) .  The r:fos c D N A  

clone represents only about 50 percent o f  
the m R N A .  W e  cannot detect an ATG 
( A ,  adenine; T ,  thymine; G ,  guanine) 
start signal for the longest open reading 
frame; however, this frame is contiguous 
through the 5 '  end o f  the clone. I f  we 
assume that the longest reading frame 
depicted within r-fos is the authentic 
one, then the nucleotide sequence ho- 
mology between r-fos and c-fos is re- 
flected at the amino acid level. 

The sequence homology between r-fos 
and c-fos is pervasive enough to suggest 
that these two genes would cross-hybrid- 
ize with each other under relaxed strin- 
gency conditions. Southern gel electro- 
phoresis (Fig. 2) ( 6 )  confirms this predic- 
tion. 

Although there is sufficient sequence 
homology to allow cross hybridization o f  
r-fos and c-fos DNA's  at relaxed strin- 
gency, the mRNA ' s  corresponding to 
these two genes can be readily distin- 
guished by gel electrophoresis (Fig. 3) .  
By sequentially probing a Northern blot 
(7) filter with nick-translated v-fos and 
then with r-fos, we were able to demon- 
strate differences in the molecular weight 
o f  their cognate mRNA's .  A single band 
o f  m R N A  that reacted with the v-fos 
probe (8) migrated with an apparent mo- 
lecular weight o f  2.2 kb (5) .  Another 
band reacting with the r-fos probe has an 
apparent molecular weight o f  about 2.0 
kb.  The r-fos m l i N A  appears to be more 
abundant than c-fob in these Northern 
blots (Fig. 3) .  

The Northern gel assay shown in Fig. 
3 required isolation o f  poly(A)- (poly- 
adenylated) R N A  from large quantities 
o f  cell cultures. For this reason we were 
forced to use partially purified PDGF 
preparations in the experiment. T o  es- 
tablish that PDGF itself, rather than 
some other agent within platelet ex-  
tracts, regulates c-fos expression, we 
developed a c-fos probe suitable for S1 
nuclease analysis o f  total cellular R N A  
in solution. Wi th  mouse v-jbs provirus as 
a source o f  starting material, a Pst I 
restriction fragment homologous to au- 
thentic c-fos m R N A  within a region 
spanned by the second and third c-fos 
exons was cloned into M13 mp8 bacte- 
riophage. The region spanned by this 
M13 probe is indicated by the bracketed 
arrows in Fig. 4. The nucleotide se- 
quence o f  the M13 probe dictates that c- 
fos m R N A  will protect a 234-nucleotide 
fragment from S1 nuclease digestion. 
Under identical conditions, r-fos m R N A  
could protect no fragment o f  the probe 
greater than 24 nucleotides in length as 
indicated by the sequence data (Fig. 1). 
S1 nuclease analysis indicates that 
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expression of the c-fos gene is indeed 
stimulated within 3 hours after exposure 
to electrophoretically homogeneous 
PDGF (Fig. 4A). Other growth factors 
contained within platelet-poor plasma do 
not stimulate expression of c-fos. Serum- 
free culture medium conditioned by 
NRK-sis transformed fibroblasts also in- 
duces expression of c-fos (data not 
shown). 

A salient feature of other PDGF-in- 
ducible genes is that induction is potenti- 
ated by agents that perturb cellular pro- 
tein synthesis such as cycloheximide, 
puromycin, canavanine, and ouabain. 
The magnitude of superinduction ob- 
served when protein synthesis is arrest- 
ed ranges from 4- to 20-fold or more (I, 
9, 10). The c-fos oncogene shows strong 
superinduction response when cyclohex- 
imide is added together with PDGF (Fig. 
4B). 

Expression of c-fos has been observed 
in placenta and embryonic tissues (11) 
but not in cultured fibroblasts. That c-fos 
was not detected within fibroblasts in 
earlier studies may be due to the low 
abundance of c-fos mRNA and the peri- 
odic nature of PDGF-stimulated gene 
expression in mitogen-treated cells. 
From previous studies on the abundance 
of c-myc RNA, we estimate that quies- 
cent BALBIc-3T3 cells contain less than 
a tenth of a molecule of myc mRNA gene 
per cell. After exposure to saturating 
doses of PDGF, the cells contain no 
more than five to ten molecules of myc 
mRNA per cell (9, 10). Thus even in the 
fully induced state, the abundance of c- 
myc mRNA is near the sensitivity 
threshold for detection by Northern gel 
electrophoresis with the use of poly(A)+ 
mRNA. The abundance of c-fos in 
PDGF-treated cells does not exceed that 
of c-myc mRNA. In the Northern gel 
analysis (Fig. 3), c-fos mRNA was re- 
solved only by superinducing the gene 
by treatment with PDGF in the presence 
of cycloheximide. 

The biological significance of the se- 
quence homology between r-fos and c- 
fos is unknown at present. The homolo- 
gies are not as exact as those established 
for p2gSiS and PDGF (12) or for the 
v-erbB protein and the EGF receptor 
(13) where virtual identity exists. How- 
ever the r-fos:c-fos homology is exten- 
sive enough to allow cross hybridization 
of the two genes under low stringency 
conditions (Fig. 2). The homologies that 
we describe between r-fos and c-fos are 
at approximately the same level of signif- 
icance as those described for c-myc and 
N~myc (14) and somewhat better than 
the.relation between myc and myb (IS). 
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The exact match of eight amino acids 
between r-fos and c-fos is longer than the 
match of five to six amino acids which is 
considered to be the statistical minimum 
.for significance (16). The additional fact 
that another exact match of four amino 
acids follows after a two-residue gap 
gives us additional confidence that this 
homology is not simply fortuitous. There 

is another smaller domain of homology 
within the nontranslated sequences of 
c-fos and r-fos (data not shown) and 
perhaps other homologies exist within 
areas of r-fos not represented in our 
cDNA clone. 

The observation that both c-fos and 
r-fos are inducible by PDGF suggests a 
functional relation between these two 

Second exon domain 

GTGTTGCAGTGTTATAATAAGGCCAGCGCGGGATGGCGGGTTTGGTATTGGCGAGGTGTTTATTTCTMGAAGGAATAAT * ** * * * *** * ** * * ** * * *** * 
GASACAGATCAACTTGAAGATGAGAAGTCTGCGTTGCAGACTGAMTTGCCCAATCTGCTGAAAGAGAAGGAA 

Third exon domain 

CTATCTCCTGMGAGGAAGAGAAAGAGAAACGGAGAATCCGAAAGGGAACGGAATATGAGACAGATCAACTTGAAGAT-- ........................ ************* ************ ** * * 
CTATCTCCTGMGAGGAAGAGMA------ CGGAGAATCCGAA-GGGAACGGAATAAGATGGCTGCAGCCAAGTGCCGGA 

------- GAGAAGTCTGCGTTGCAGACTGAGATTGCCAA 
*** *** * *** * * 

ATCGGAGGAGGGAGCTGACAGATACACTCCAAGCGTACG 

Fourth exon domain 

ATATATTCTMTTTAACCGCTTGGGTATCCCTTTCATGGCCCCCCTTTCCATTTATAGGAGGGGAAGGTTGGAACCAACC * * *  * *** *** * * * * * * ****  * * *  
GAACTCCCCACCCAGTCTGCTGGGGCTTACGCCAGAGCGGGAATGGTGMGACCGTGTCAGGAGGCAGAGCGCAGAGCAT 

Third exon domain reading frame 

LEU Ser Pro Glu Glu Glu Glu Lys Glu Lys Arg Arg I l e  Arg Lys Gly Thr Glu Tyr Glu * * * * * * * * * * *  --------------- 
Thr Asp Gln Leu Glu Asp Glu Lys Ser A la  Leu Gln Thr Glu I l e  A la  

Fig. 1. The r-fos cDNA contains a domain of strong nucleotide and amino acid sequence 
homology to the third exon of c-fos. For comparative purposes, flanking regions of r-fos that 
share little or no homology with the second and fourth exon of c-fos are also shown. The DNA 
sequences of r-fos (upper lines) and the c-fos coding regions (lower lines) were aligned with the 
use of the Nucaln program of Wilbur and Lipman (3). This program will introduce gaps in the 
sequence being fitted to achieve the best alignment. A "K-tuple" size of 3 window size of 20 
and gap penalty of 7 were used to achieve the match. Exact matches are indicated by (*). Gaps 
within the c-fos sequences introduced for best alignment are shown by (-). The bottom panel 
shows the amino acid sequence of the r-fos open reading frame which is homologous to the c-fos 
third exon. Exact amino acid alignments are indicated by (*). The four amino acid residues 
indicated by (Z) would align after a two-residue gap in the c-fos amino acid sequence. The 
positions of the r-fos second, third, and fourth exon domains relative to the c-fos gene can be 
visualized within Fig. 4 (inset). The c-fos data in Figs. I and 4 are adapted from Van Beveren er 
al. (4). 

Fig. 2. Cross hybridization of r-fos and v-fos 
DNA's at low stringency. TOR inset shows a 
restriction map of-r-foi CDNA cloned into 
pUC-9. The hatched area is r-fos. A, B, and C 
are the three largest fragments of r-fos re- 
solved on a I percent agarose gel after Pst 1- 
Aha 111 digestion ( I  .9, 1 .O, and 0.6 kb, respec- 
tively). The lower left panel shows the ethidi- 
um bromide staining of such,a gel. The far left 
lane shows lambda-Hind 111 markers. The r- 
fos DNA fragments were then transferred to 
nitrocellulose and hybridized to a nick-trans- 
lated v-fos probe (pFBJ-2) (8) at 37OC in 50 
percent formamide, 5x SSPE (salt, sodium 
phosphate, and EDTA), I X Denhardt's soh- 
tion, 0.1 percent sodium dodecyl sulfate, and 
denatured salmon sperm DNA (50 pglml) for 
20 hours. Filters were then washed succes- 
sively at increasing temperatures and decreas- 
ing salt concentrations as indicated and ex- 
posed to x-ray film. 

Pst I I  

Aha 

1 x SSC --- .-a . 
x SSC 

22" 42' 50° 



genes. It should also be noted that the 
strongest region of homology between 
these genes is in a region of the gene 
considered to be necessary for cellular 
transformation at least as scored by fo- 
cus formation. The 3' end of the c-fos 
gene downstream from the third exon 
must be disrupted to activate the trans- 
forming potential of the gene (17). Fur- 
ther structural and functional analysis of 

the r-fos gene will be necessary to fully 
assess the relationship of r-fos to c-fos. 

There are now eight well-character- 
ized members of the competence gene 
family. These include r-fos, the four oth- 
er genes isolated as cDNA clones (I), c- 
myc (I), c-myc (If), c-fos, and a 29,000- 
dalton PDGF-inducible protein (18). 
Three of the eight competence gene 
products (c-myc, c-fos, and the 29,000- 

dalton protein) are localized within the 
nucleus (Ie22). Perhaps this pattern of 
nuclear localization may also be found 
with r-fos and other competence gene 
products. These PDGF-inducible pro- 
teins may function within the nuclear 
matrix to coordinate transcription and 
replicative DNA synthesis (20). 
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Fig. 3. r-fos and qfos mRNA's resolved by 
Northern gel (7) electrophoresis. Poly(A)+ 
RNA was isolated from 3T3 cells in which c- 
fos and r-fos were maximally superinduced by 
exposure to partially purified P D G F  (200 unit1 
mi) in the piesencddf cycloheximide (10 (Igl 

...,,,,..,..,....., ml). A sample (3 kg) of poly(A)+ RNA from 
control cells (A and C)  or treated with P D G F  
and cycloheximide from cells (B and D) was 
subjected to electrophoresis through a 1.5 
percent agarose gel containing 10 mM methyl 
mercury hydroxide and transferred to a nitro- 
cellulose filter. (Lanes A and B) Hybridiza- 
tion to a nick-translated v-fos probe. This 
same filter was then hybridized (without elut- 
ing the previous band) to an r-fos probe of 
approximately one-fourth the specific activity 
of the v-fos probe (lanes C and D). The inset 
on the far right shows a lighter exposure of 
lanes C and D. 
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