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ABSTRACT The human cellular homolpg (c-fos) of the
transforming gene of Finkel-Biskis-Jinkins (FBJ) murine os-
teosarcoma virus was mapped to a single human chromosome.
DNA from a series of 31 mouse-human somatic cell hybrid
lines was probed with v- and c-fos mplecular clones by South-
ern blotting. Human c-fos segregated with the distal region of
the long arm of human chromosome 14. In situ hybridization
of 12I-labeled human c-fos probe to normal human metaphase
chromosomes independently confirmed these results and local-
ized the c-fos oncogene tp region 14q21 q31.

Acutely transforming retroviruses induce neoplasia in vivo
and transform fibroblasts in vitro (1, 2). Their genomes con-
tain sequences (v-onc) that have counterparts in host chro-
mosomal DNA (1, 3). Acquisition of cellular sequences (c-
onc) by replication-competent retroviruses imparts to them
the ability to induce rapid neoplasia. Although several c-onc
genes are expressed in a variety of cell lines and in normal
pre- and postnatal tissues (4-10) and some c-onc gene prod-
ucts have been identified (11-13), their role in normal cellu-
lar metabolism remains largely conjectural. Evolutionary
conservation of many c-onc sequences implies that c-onc
genes play important roles in the biology of the organism (14,
15).
Genetic rearrangements detected in karyotypes and at cer-

tain oncogene loci have been reported for several types of
human and murine malignancies (16-18). The biological con-
sequences of these rearrangements have not been clearly de-
fined. The human oncogene c-fos is homologous to the Fin-
kel-Biskis-Jinkins (FBJ) murine osteosarcoma virus onco-
gene (19). Expression of c-fos appears to be limited during
normal development to the extraembryonic tissues (20);
however, c-fos transcripts have been detected in many hu-
man malignancies (21). Therefore, it was of interest to define
the normal genetic map position of this oncogene. Here we
report that the human fos gene is located at 14q21 -* q31.

MATERIALS AND METHODS
Cell Lines. Mouse-human cell hybrids were derived from

fusions between mouse A9 cells and various human cell
lines. BDA series hybrids were constructed from GM589, a
human fibroblast line that carries a balanced reciprocal
translocation between chromosomes 5 and 14. The translo-
cation products are t(5;14)(5qter 5pl4::14q21 -- 14qter)
and a smaller chromosome t(14;5)(14pter -4 14q21::5pl4
Spter). Thus, in the BDA series hybrids, the nucleoside
phosphorylase (NP) locus at 14q13.1 (22) segregated with the
smaller translocation chromosome t(14;5) and pAW101, a
human chromosome 14 marker (D14S1; ref. 23), segregated
with t(5;14). The AHA series human parent was GM144. The

41pT and FRY series were fusion products of A9 with
GM126. The WAV series was constructed with WI-38 fibro-
blasts. Cytogenetic and isozyme analyses were performed
concurrently with DNA isolation as reported (24).
DNA Probes. Probes for human c-fos genes included three

pBR322 derivatives containing fos-related sequences. The
p.fos-1 probe contained a 1.1-kilobase (kb) Pst I fragment
from the oncogene of FBJ virus (25). The 3.1 probe consisted
of a 3.1-kb Nco I-Xho I fragment from the cloned human c-
fos locus (26). pHVV (27) was a cloned chimeric fos gene
containing a 5' EcoRI-Ncq I human fos sequence linked to
the 3' region of the viralfos gene, including the 3' long termi-
nal repeat. Thefos regions of all three probes showed homol-
ogy at high stringency conditions (15 mM NaCl/1.5 mM so-
dium citrate, 650C) and each detected a 9.0-kb band in
EcoRI-cleaved human genomic DNA (26). The v-fos or c-fos
3.1 probe inserts were'used to detect the human genomic
band in blotting experiments. In situ hybridization experi-
ments employed the entire pHVV plasmid.
DNA probes used as controls for human chromosomes 2

and 14 in blotting experiments were obtained, respectively,
from J. Seidman (Harvard Medical School, Boston) and R.
White (University of Utah, Salt Lake City). A 3.5-kb EcoRI
fragment of the K light chain was excised from a recombinant
bacteriophage and subcloned in pBR322. The map position
of K is 2p12 (28). The marker pAW101 (D14S1) has been re-
gionally mapped to 14q32.1-32.2 (23).

Southern Blots. Hybrid cell DNAs were screened for fos
with the v-fos probe as described (25, 29, 30). For blots of
hybrid DNAs with the 31 genomic c-fos probe, the 3.1-kb
insert was excised from the plasmid by sequential digestion
with Nco I and Xho I. The probe was electroeluted, purified
on' an Elutip-d column (Schleicher & Schuell), and precip-
itated with alcohol. DNA was resuspended and then nick-
translated to a specific activity of 10 cpm/,ug with [a-32p]-
dCTP (3000 Ci/mmol, Amersham; 1 Ci = 37 GBq). Cellular
hybrid DNAs and controls were digested, electrophoresed,
blotted, and probed as reported (31).
In Situ Hybridization. Metaphase chromosome spreads

were prepared from human peripheral lymphocyte cultures
by using standard methodology (32, 33). 12 I-labeled pHVV
DNA containing human c-fos. was prepared with 2-5I-labeled
dCTP (2000 Ci/mmol) by nick-translation (32). Specific ra-
dioactivity of the 251I-labeled DNA probes used for in situ
hybridizt'ion averaged 3 x 108 dpm/pug. In situ hybridiza-
tion and autoradiqgraphy were performed according to pub-
lished procedures (32, 33).

RESULTS
Hybridization Analysis. The hybridization of the v-fos

probe tp human DNAs from various cell lines is'shown in

Abbreviations: kb, kilobase(s); NP, nucleoside phosphorylase; FBJ,
Finkel-Biskis-Jinkins.
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FIG. 1. Representative blotting results of 16 mouse-human somatic cell hybrid DNAs with the v-fos probe. The molecular weight standards
(kb) are given to the left. Human control DNA is in the leftmost lane; mouse control DNA is in the rightmost lane. The human c-fos band (left
arrow) migrates about 9.5 kb. The mouse c-fos band migrates at 5.5 kb. The intermediate band at 6.6 kb is nonspecific hybridization.

Fig. 1. Human DNA digested with EcoRI and hybridized to
v-fos shows a single 9.0-kb band, whereas mouse DNA con-
tains a single band of about 5.5 kb (24). The mouse-specific
band is detected in all cell lines, whereas the human 9.0-kb
band appears in only a few. The composite analysis of hu-
man specific fos hybridization is tabulated at the bottom of
Fig. 1. Analysis of these 16 hybrid cell DNAs with the v-fos
probe indicated a probable assignment to human chromo-
some 2 or 14. Since the fos gene detected with the v-fos
probe showed 4/16 hybrids discordant for NP, it appeared
most likely that fos was on chromosome 2. These prelimi-
nary data have been published in abstract form (34, 35).
To confirm the chromosome 2 location and rule out chro-

mosome 14, four 41pT2A subclones were blotted with a
chromosome 2 probe (28), with fos probes and with a chro-
mosomne 14 probe (pAW101). DNAs cut with BamHI and
probed with the entire v-fos probe showed the presence of
human c-fos in each of the four subclones as a 6.0-kb band.
The filter was stripped and rehybridized with the K probe for
chromosome 2. Chromosome 2 was present in 41pT2A-24
but absent from 41pT2A-2, -4, and -18 (not shown). A second
set of the same hybrid DNAs was cut with EcoRI and hy-
bridized with the 3.1-kb c-fos probe (Fig. 2a). The diagnostic
9.0-kb EcoRI human band (H) is present in each subclone.
When the filter was stripped and rehybridized with pAW101,
hybridization was detected in each of the subclones as a 17-
kb band (H) (Fig. 2b). The human control DNA in Fig. 2b
(lane 1) is heterozygous for the pAW101 probe. These results
show concordance between pAW101 andfos. The results in-
dicated that the human fos gene was on chromosome 14, not
chromosome 2.

Additional cell hybrids were screened for c-fos with the
3.1-kb human genomic probe (data not shown). In 13 of 15
hybrid cell DNAs, c-fos segregated with the NP locus. In 2
of the 15, c-fos segregated independently of NP. The 4 dis-
cordant hybrid cell DNAs from the first mapping experiment
with v-fos probe (DNA 10a3-1, -4, -6, and BDA17b17) and
the 2 discordant hybrids from experiments with c-fos
(BDAlOa3 and AHA16e3) were then studied in detail.
AHA16e3 contained pAW101 and human fos by hybridiza-
tion analysis, but NP expression was not detected on multi-
ple assays. We believe this single discordancy can be ex-

plained by NP nonexpression or chromosome rearrange-

ment. The remaining 5 discordant cell hybrid DNAs were all
from the BDA series and were segregating the GM589 bal-
anced translocation between chromosomes 5 and 14. Since
NP is proximal to the translocation breakpoint and pAW101
is distal, the pAW101 probe served as a molecular marker for
t(5;14) in hybrids lacking NP expression. The presence of
human fos, pAW101, and NP expression are compared in
Table 1. Sincefos segregated with pAW101 but not with NP,

1 2 3 4 5

A-H

FIG. 2. EcoRI-cleaved DNAs from 41pT2A subclones (lanes 2-
5) hybridized with c-fos probe (a) and chromosome 14 probe (b).
Lane 1, human control DNA; lanes 2-5, 41pT2A-2, -4, -18, and -24,
respectively.

kb

Genetics: Barker et aL



Proc. NatL Acad Sci. USA 81 (1984)

Table 1. Human c-fos segregates with pAW101 but not with NP in BDA series somatic cell hybrids
Number of Number of Number of Number of

concordant hybrid discordant hybrid Total concordant hybrid discordant hybrid Total
Hybrid cell DNAs cell DNAs discordant Hybrd cell DNAs cell DNAs discordant
series NP+/fos' NP-jfos- NP'/fos- NP-jfos' DNAs series pAW+/fos' pAW-/fos- pAW+/fos- pAW-Ifos' DNAs
BDA 1 7 0 5* 5*' BDA 5 0 0 0 0
AHA 2 3 0 it it AHA 1 0 0 0 0
41pT2A 6 0 0 0 0 41pT2A 5 0 0 0 0
FRY4 3 0 0 0 0
FRY1 0 1 0 0 0
WAV 0 2 0 0 0

*Hybrid DNAs BDA 10a3, BDA 10a3-1, BDA 10a3-4, BDA 10a3-6, BDA 17b17.
tAHA 16e3.

the BDA discordancies support a fos location distal to the
BDA breakpoint at 14q21.
Mapping results with 31 cell hybrid DNAs characterized

by isozyme and karyotype analysis, and in selected cases by
DNA markers, are summarized in Table 2. This includes 15
hybrids probed with c-fos and'16 probed with v-fos. Taken
together, these experiments are consistent with 14q21-ter as
the location of human c-fos. The initial suggestion that fos
was on human chromosome 2 was ruled out.

In situ hybridization of 125_-labeled pHVV DNA to human
metaphase chromosomes was performed to determine the c-
fos gene locus independent of the mapping studies described
above. Chromosome spreads were G-banded and photo-
graphed prior to hybridization. This approach precluded bias

Table 2. Assignment of human c-fos oncogene to human
chromosome 14 by Southern blotting of 31 somatic cell
hybrid DNAs with cloned probes for v- and c-fos

Number of Number of
concordant discordant

hybrid hybrid Tot

Human cell DNAs cell DNAs discordant
chromosome +/+ -/- +/- -/+ DNAs

1 3 5 15 4 19
2 8 11 11 0 11
3 12 5 0 5 5
4 9 7 6 4 10
5 5 5 11 4 15
6 8 10 10 2 12
7 2 9 15 0 15
8 10 8 3 2 5
9 2 10 12 1 13
10 12 10 5 1 6
11 8 9 11 3 14
12 11 11 8 1 9
13 5 7 9 4 13
14 17 13 1* 0 1*
15 7 11 12 1 13
16 11 7 6 2 8
17 5 8 14 2 16
18 11 10 7 1 8
19 10 9 9 3 12
20 9 8 10 4 14
21 10 9 8 5 13
22 8 4 2 4 6
X 18 5 0 5 5

+/+, Hybrid cell DNAs that contain human c-fos by DNA blot-
ting and the numbered chromosome in the left column by isozyme,
karyotype, and, in selected cases, DNA marker analysis. -/-,
fos-, chromosome-. +/-, fos+/chromosome-. -/+, fosj1
chromosome+. Hybrids that could not be clearly scored + or - for a
human chromosome were not included in the summary.
*AHA 16e3.

in analysis of in situ hybridization data since the only criteri-
on applied for selection of metaphase spreads was that they
be of good cytologic quality. After hybridization, the slides
were autoradiographed for 7-21 days and the distribution of
silver grains observed over 43 previously photographed
chromosome spreads was analyzed. The number of nonspe-
cific background grains was low (approximately equivalent
to the number associated with chromosomes). A total of 100
grains was observed over chromosomes (data not shown), of
which 47 were assigned to chromosome 14. An average ac-
cumulation of about 2 grains per chromosome was observed
as background. Analysis of the distribution of silver grains
associated with chromosome 14 revealed that 40 (85%) were
localized within the region q21 -* q31 (Fig. 3a). Statistical
analysis of the number of grains per chromosome unit by
Poisson distribution indicated a highly significant (P <
10-'7) concentration within this region. To confirm this lo-
calization, 125I-labeled pHVV DNA was hybridized to meta-
phase spreads from a normal individual carrying a familial
14p+ marker chromosome (36). The distinct morphology of
this marker chromosome permitted positive identification af-
ter in situ hybridization without prior G-banding (Fig. 3b).
Analysis of 23 cells revealed that 14 (61%) contained a la-
beled 14p+ marker chromosome that consistently showed
extensive hybridization within region q21 -+ q31.

DISCUSSION
The c-fos (Human) Gene Lies Between 14q21 and 14q31.

The human c-fos gene has been molecularly cloned and its
complete nucleotide sequence has been determined (37).
Comparison of the v- and human c-fos genes shows that the
cellular gene contains three intervening sequences and can
encode a protein of 380 amino acids. Transcripts of 2.2 kb
from human c-fos genes have been detected in cultured hu-
man cells (37), in human placenta (37), and in various human
malignancies (21). Because the FBJ murine sarcoma virus v-
fos gene and human c-fos share >90% nucleotide sequence
homology, the v-fos probe could be used to detect the human
gene in somatic cell hybrid DNAs. Several hybrid cell lines
contained sequences homologous to v- and c-fos probes
(Figs. 1 and '2). Comparison between the subsets of human
chromosomes present in various hybrids and the presence of
human c-fos by Southern blotting indicate that the human c-
fos gene segregates with the chromosome 14 marker NP in
most cell hybrids (Table 2). Further, concordant segregation
in the BDA hybrids between c-fos and pAW101, but not c-
fos and NP, suggested that the crfos gene is located distal to
the BDA chromosome 14 breakpoint at 14q21 (Table 1).

In situ hybridization of 125I-labeled pHVV to human meta-
phase chromosomes independently confirmed the map loca-
tion suggested by the hybrid cell panel data and localized the
c-fos gene to the region 14q21 q31. The pHVV probe
proved more useful for in situ hybridization experiments
than p.fos-1, because of its more extensive homology to the

5828 Genetics: Bar.er et aL
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FIG. 3. Subchromosomal localization of the human c-fos oncogene. (a) Distribution of silver grains observed over chromosome 14 (n = 19
labeled chromosomes). The chromosome was divided into units scaled to the average diameter of a silver grain (0.35 ILm). Of 47 total grains
assigned to chromosome 14, 40 (85%) were localized to region q21 -* q31. A range of ± 1 grain diameter around the histogram peak is assumed.
(b) In situ hybridization of 1251-labeled pHVV to metaphase chromosomes of a male carrying a 14p+ marker chromosome (solid arrow). The
normal chromosome 14 is indicated by an open arrow. (x2000.)

c-fos oncogene sequence. A statistically significant accumu-
lation of autoradiographic grains was observed between
bands 14q21 and 14q31 in experiments with G-banded meta-
phase chromosomes. A similar distribution of label was also
observed over a 14p+ marker chromosome in metaphase
spreads from a phenotypically normal male. These data re-
gionally localize human c-fos to 14q21 -+ q31.
The specific role offos gene products in normal and ab-

normal cell metabolism is not yet known. The biochemical
functions of the human or viral gene products have not been
defined. The v-fos and c-fos gene products are nuclear pro-
teins (38). c-fos transcripts are found in many uncultured hu-
man tumors (21). In one-half of thefos-expressing malignant
tissues, c-fos was overproduced up to 5-fold relative to adja-
cent normal tissue (21). The human and mouse c-fos onco-
genes are expressed during development of normal extraem-
bryonic tissues (placenta, amnion, chorion). Tissue-specific
expression of fos during normal development argues for
some specific normal function; however, its precise role re-
mains obscure. Likewise, c-fos expression in malignant tis-
sues implicates c-fos as of potential, albeit poorly under-
stood, significance in the development of malignant dis-
eases.
The FBJ virus complex induces in NIH Swiss mice a

unique type of chondroosseus neoplasia derived from the
periosteal cells, resembling human juxtacortical osteosar-
coma (39). The original virus complex was isolated from a
spontaneous osteosarcoma of a CF1 mouse. Among inbred
strains of mice, C3H sublines and hybrids have the highest
frequency of spontaneous osteosarcoma (<1%) (40). The
possible involvement of fos has not been examined. In the
mouse, the c-fos locus resides on murine chromosome 12 (P.
D'Eustachio, personal communication). Both human chro-
mosome 14 and mouse chromosome 12 contain the immuno-
globulin heavy chain loci and may represent evolutionary
conservation of the fos-Igh linkage group. Among humans,
Gardner syndrome manifests as benign soft tissue and bone
tumors and intestinal adenomas that are predisposed to ma-
lignancy (41). The Gardner syndrome segregates as a single
autosomal dominant gene, but its exact chromosomal loca-
tion has not been reported. The involvement of v-fos in mu-
rine osteosarcomas of viral etiology makes this gene and its
cellular homologue c-fos of potential interest in relation to
Gardner syndrome. For linkage studies, human c-fos gene
exhibits some polymorphism (42). Human c-fos gene at
14q21 -- q31 is in proximity to the highly polymorphic

pAW101 locus at 14q32.1 -- q32.2 and may be close enough
to make the latter of practical value in family studies.
Human malignancies that have been associated with chro-

mosome 14-specific breakage include childhood acute lym-
phocytic leukemia (43), malignant lymphoma (44), and some
forms of Burkitt lymphoma (45). None of these disorders
shows breakpoints within the region 14q21 -* q31. However,
cytogenetic studies of papillary serous adenocarcinomas of
the ovary have revealed a nonrandom reciprocal transloca-
tion t(6;14)(q21;q24) that appears to be characteristic of this
malignancy (46). The breakpoint at 14q24 observed in these
tumors is centered within the region of chromosome 14
where we have mapped c-fos. Coincidentally, another hu-
man oncogene, c-myb, which is homologous to the oncogene
of avian myeloblastosis virus, has been localized within the
region 6q22 -* q24 (47). The relationships between such
translocations and the possible involvement of c-fos in ma-
lignant transformation, while provocative, remain unknown.
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