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ABSTRACT Blot hybridization analysis indicated that NIH
3T3 mouse cells transformed by high molecular weight DNAs of
a human bladder and a human lung carcinoma cell line con-
tained new sequences homologous, respectively, to the transforming
genes of Harvey (rasH) and Kirsten (rasK) sarcoma viruses. The
unique ras sequences were present in multiple independent NIH
cell lines transformed in both primary and secondary transfection
assays and corresponded to ras sequences normally present in
human DNAs. The ras gene product was expressed in NIH cells
transformed by bladder carcinoma DNAs and in the human blad-
der carcinoma cell lines at levels 2- to 4-fold greater than the level
observed in nontransformed NIH 3T3 cells. These results indicate
that the transforming genes of these human tumor cell lines are
the cellular homologs of two retroviral transforming genes.

Transfection of cellular DNAs has demonstrated that both nor-
mal and transformed cells contain genes capable of inducing
oncogenic transformation (1, 2). DNAs ofa variety ofneoplasms
from several different vertebrate species, including man, in-
duce transformation of NIH 3T3 cells with high efficiencies,
indicating that carcinogenesis can involve dominant genetic al-
terations resulting in the activation of cellular transforming
genes (3-10). Analysis of the transforming genes activated in
neoplasms has suggested that different transforming genes are
activated in different types ofneoplasms, but the same or closely
related transforming genes are activated in independent neo-
plasms of the same type of differentiated cells (6-8, 10, 11).
One class of potential cellular transforming genes is com-

posed of the cellular homologs of the transforming genes of
highly oncogenic retroviruses. These viruses contain specific
genes that are responsible for transformation and that are ho-
mologous to genes ofnormal cells (12). At least a dozen different
viral transforming genes have been identified, each of which
has a cellular homolog (13). These cellular sequences are highly
conserved in vertebrate evolution, but their function in both
normal and neoplastic cells has been unclear.

In the present study, we have investigated the possible re-
lationship between the cellular homologs of retroviral trans-
forming genes and the transforming genes detected by trans-
fection of tumor DNAs. We report here that the transforming
genes of human bladder and lung carcinoma cell lines are ho-
mologous to the transforming genes of Harvey and Kirsten sar-
coma viruses.

MATERIALS AND METHODS
Cell Lines. NIH 3T3 mouse cells, EJ and J82 human bladder

carcinoma cell lines, and NIH cells transformed by DNAs of EJ,

J82, MCF-7 human mammary carcinoma cells, and human lym-
phoid neoplasms were previously described (4, 6, 10). The hu-
man lung carcinoma cell line LX-1 was derived from an undif-
ferentiated lung carcinoma of a 48-year-old man (14) and was
generously provided by S. Bernal and L. B. Chen (Sidney Far-
ber Cancer Institute). DNA of LX-1 cells induced transforma-
tion of NIH 3T3 cells with efficiencies of approximately 0.05
transformant per Ag of DNA.

Molecular Clones of Viral DNAs. Molecular clones contain-
ing the transforming sequences of Harvey sarcoma virus (rasH)
and Kirsten sarcoma virus (rasK) in plasmid pBR322 were a gen-
erous gift of E. M. Scolnick (National Cancer Institute) and have
been described in detail elsewhere (15, 16). BS9 contains a 0.5-
kilobase (kb) fragment ofrasH and HiHi-3 contains a 1.0-kb frag-
ment of rasK sequences. Plasmid DNAs were 32P-labeled by
nick-translation (17) to specific activities of approximately 4 X
108 cpm/pug DNA for use as hybridization probes.

Blot Hybridization Analysis. Procedures for digestion of cel-
lular DNAs with restriction endonucleases, electrophoresis in
agarose gels, and transfer to nitrocellulose filters were as de-
scribed (18). Prehybridization, hybridization, and washing pro-
cedures were as described by Hanahan and Meselson (19) ex-
cept that 10% dextran sulfate was included in the hybridization
buffer (20).

p21 Immunoprecipitation. The procedure used was a mod-
ification of that previously described (21). Cells were incubated
for 18 hr at 370C in the presence of [3S]methionine (200 pCi/
ml, 500 Ci/mmol, New England Nuclear; 1 Ci = 3.7 X 1010
becquerels), extracted, and clarified by centrifugation as de-
scribed (21). Cell lysates were then incubated for 1 hr at 4°C
with 50 ,ul of staphylococcal protein A-Sepharose (50% suspen-
sion) that had been precoated with rabbit anti-rat immunoglob-
ulin G. The protein A-Sepharose was removed by centrifugation
and lysates were incubated for 1.5 hr at 40C with rat monoclonal
antibody 259 against Harvey sarcoma virus p21 (generously pro-
vided by E. M. Scolnick). This monoclonal antibody recognizes
broadly reactive p21 determinants which are present on cell-
encoded, rasH-encoded, and rasK-encoded gene products (M.
Furth and E. M. Scolnick, personal communication). Lysates
were then incubated for an additional 1.5 hr at 40C with 50 ,ul
ofa 50% suspension ofprotein A-Sepharose precoated with rab-
bit anti-rat immunoglobulin G. Immune precipitates were col-
lected by centrifugation, washed, and analyzed by electropho-
resis in sodium dodecyl sulfate/polyacrylamide gels as described
(21).

RESULTS
Detection of ras Sequences in NIH Cells Transformed by

Human Bladder and Lung Carcinoma DNAs. Molecular clones

Abbreviation: kb, kilobase(s).
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of viral transforming genes were used as probes for hybridiza-
tion to Southern (22) blots of DNAs of NIH cells transformed
by DNAs of a variety of neoplasms. Fig. 1 illustrates results of
a representative analysis in which BamHI-digested DNAs were
hybridized with 32P-labeled DNA of a plasmid containing the
transforming gene (rasH) of Harvey sarcoma virus. DNAs of
NIH 3T3 cells and NIH cells transformed by DNAs of human
lung and mammary carcinomas and several human lymphoid
neoplasms contained only a 3.4-kb BamHI fragment that rep-
resents the normal mouse rasH gene (Fig. 1, lanes a and c-h)
(23). In contrast, DNA ofNIH cells transformed by DNA of the
EJ human bladder carcinoma cell line contained an additional
6.6-kb BamHI fragment that was not present in NIH 3T3 DNA
(Fig. 1, lane i). This 6.6-kb rasH-containing BamHI fragment
was also detected in DNAs oftwo additional independent NIH
cell lines transformed by EJ bladder carcinoma DNA (lanes j
and k) and in DNAs of two independent NIH cell lines trans-
formed in secondary transfection assays by 10- to 15-kb frag-
ments of DNA of NIH cells transformed by EJ bladder carci-
noma DNA (lanes 1 and m). The presence of the 6.6-kb rasH_
containing BamHI fragment in DNAs of three independent
primary and two independent secondary lines of transformed
NIH cells indicates that transformation by EJ bladder carcinoma
DNA was mediated by transfer of these rasH sequences.
The 6.6-kb rasH-containing BamHI fragment was also pres-

ent in DNA of NIH cells transformed by DNA of a second hu-
man bladder carcinoma cell line, J82 (Fig. 1, lane n). However
it is presently unclear whether or not this cell line is distinct
from EJ or from a third bladder carcinoma cell line, T24, which
also possesses transforming activity (8).
BamHI digestion ofhuman DNAs yielded two rasH-contain-

ing fragments (Fig. 1, lane b), one of which was similar to the
fragment present in NIH cells transformed by EJ DNA. Anal-
ysis with other restriction endonucleases (Sac I, Pvu II, and Kpn
I) also indicated that similar rasH-containing fragments were
present in human DNA and in DNAs ofNIH cells transformed
by EJ DNA (data not shown). The rasH-containing fragments
ofEJ and J82 DNAs were similar to those ofother human DNAs.
These results indicate that the unique rasH-containing fragment
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FIG. 1. Analysis of rasH sequences in transformed NIH cells. Cel-
lularDNAs (10 ,ug) were digested withBamHI, electrophoresed in 0.8%
agarose gels, transferred to nitrocellulose filters, and hybridized with
32P-labeled BS9 DNA (rasH probe). Lengths of rasH-containing frag-
ments are expressed in kb. Lane a, NIH 3T3 cells; lane b, human K562
cells; lane c, NIH cells transformed by human lung carcinoma LX-1
DNA; lane d, NIH cells transformed by human pre-B neoplasm 207
DNA; lane e, NIH cells transformed by human T lymphoma T10 DNA;
lane f, NIH cells transformed by human mammary carcinoma MCF-7
DNA; lane g, NIH cells transformed by human Sezary T cell neoplasm
DNA; lane h, NIH cells transformed by human myeloma 2132 DNA;
lanes i-k, three independent lines of NIH cells transformed by human
bladder carcinoma EJ DNA; lanes and m, two independent lines of
NIH cells transformed in secondary transfection assays by DNA of
NIH cells transformed by EJ DNA; lane n, NIH cells transformed by
human bladder carcinoma J82 DNA.

present in NIH cells transformed by EJ DNA was derived from
transfer of a human rasH sequence. The intensity of hybridiza-
tion to the fragment present in transformed NIH cells suggests
amplification of this sequence (Fig. 1), as has previously been
reported for other DNA sequences introduced by transfection
(24).

Fig. 2 presents the results of a similar analysis of EcoRI-di-
gested DNAs with a probe containing the transforming gene
(rasK) ofKirsten sarcoma virus. The rasH and rasK genes encode
similar proteins but do not cross-hybridize under stringent con-
ditions (15). Only the normal mouse rasK-containingEcoRI frag-
ments of 12.0, 6.6, and 1.3 kb were detected in DNAs of NIH
3T3 cells (lane a), and no additional fragments were present in
DNAs ofNIH cells transformed by EJ DNA (lane d), J82 DNA
(lane e), or human mammary carcinoma DNA (not shown).
However, NIH cells transformed by DNA ofthe LX-1 lun car-
cinoma cell line (lanes b and f-l) contained additional ras se-
quences detected as an EcoRI fragment of 3.0 kb. The 3.0-kb
ras -containing EcoRI fragment was present in DNAs of two
independent NIH cell lines transformed by LX-1 DNA (lanes
g and h) and in five independent NIH cell lines transformed in
secondary transfection assays by DNA of one of these primary
transformants (lanes b and i-l). Increased hybridization to the
6.6-kb rasK-containing EcoRI fragment was also detected in
some NIH cells transformed by LX-1 DNA (lanes f and i) and
one line of transformed NIH cells contained an additional frag-
ment of approximately 5.0 kb (lane g). rasK-containing EcoRI
fragments of 6.6 and 3.0 kb were present in both LX-1 DNA
(compare lanes c and f) and in other human DNAs (data not
shown) (15), indicating that transformation by DNA of the LX-
1 lung carcinoma cell line was mediated by transfer of a human
ras gene.

Expression ofras Gene Products in Bladder Carcinomas and
Transformed NIH Cells. The rasH and rasK genes encode re-
lated 21,000-dalton proteins designated p21 (15). Because p21
is expressed at a low level in normal cells but at a high level in
cells transformed by Harvey or Kirsten sarcoma viruses (25) it
was ofinterest to investigate p21 expression in NIH cells trans-
formed by human bladder carcinoma DNAs and in the human
bladder carcinoma cell lines.

Cells were metabolically labeled with [3S]methionine and
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FIG. 2. Analysis of rasK sequences in transformed NIH cells.
DNAs were digested with EcoRI and analyzed as described for Fig. 1
except that hybridization was with 32P-labeled HiHi-3 DNA (rasK
probe). Lane a, NIH 3T3 cells; lane b, NIH cells transformed in sec-
ondary transfection assays by DNA of NIH cells transformed by LX-
1 human lung carcinoma DNA; lane c, human LX-1 cells; lane d, NIH
cells transformed by EJ DNA; lane e, NIH cells transformed by J82
DNA; lanes f and h, one line of NIH cells transformed by LX-1 DNA;
lane g, a second independent line of NIH cells transformed by LX-1
DNA; lanes i-l, four independent lines of NIH cells transformed in
secondary transfection assays byDNA ofNIH cells transformedby LX-
1 DNA.
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FIG. 3. Immunoprecipitation of p2l. [asS]Methionine-labeled cell
extracts were immunoprecipitated with anti-p21 monoclonal antibody,
analyzed by electrophoresis in sodium dodecyl sulfate/7.5-15% linear
gradient polyacrylamide gels, and fluorographed. Molecular weights
of marker proteins are indicated x 10-3: myosin, 200,000; phosphor-
ylase b, 92,500; bovine serum albumin, 69,000; carbonic anhydrase,
30,000; soybean trypsin inhibitor, 21,500; lysozyme, 14,300. NIH 3T3
cells (lane a), EJ cells (lane b), J82 cells (lane c), NIH cells transformed
by EJ DNA (lane d), and NIH cells transformed by J82 DNA (lane e).
The p21 doublet was not detected in controls that lacked anti-p21
monoclonal antibody.

analyzed for p21 expression by immunoprecipitation with a
broadly reactive rat monoclonal antibody against Harvey sar-
coma virus-encoded p21. A representative analysis is shown in
Fig. 3. The background observed in these gels is similar to that
reported by others (25). The level ofp21 expression in NIH cells
transformed by EJ and J82 DNAs (lanes d and e) was increased
in comparison to NIH 3T3 cells (lane a). In addition, the level
ofp21 expressed in the EJ and J82 cell lines (lanes b and c) was
similar to that expressed in the transformed NIH cells. Quan-
titation ofthese results by densitometry (Table 1) indicated that
the levels of p21 in NIH cells transformed by the bladder car-
cinoma DNAs and in the bladder carcinoma cell lines were 2-
to 4-fold greater than in nontransformed NIH 3T3 cells.

DISCUSSION
NIH cells transformed by DNAs of the EJ and J82 human blad-
der carcinoma cell lines and the LX-1 human lung carcinoma
cell line contained unique restriction fragments homologous,
respectively, to the transforming genes of Harvey (rasH) and

Table 1. Quantitation of p21 expression in human bladder
carcinoma cell lines and in NIH cells transformed by
human bladder carcinoma DNAs

Cell line Relative level of p21
NIH 3T3 1.0
NIH(EJ DNA) 2.2
NIH(J82 DNA) 4.2
EJ 3.7
J82 4.2

The levels of p21 expression were quantitated from densitometer
tracings of autoradiographs of gels after immunoprecipitation of cell
extracts with anti-p21 monoclonal antibody. The level of p21 in NIH
cells transformed by EJ and J82 DNAs [NIH(EJ DNA) and NIH(J82
DNA) cells] and in the EJ and J82 cell lines is expressed relative to
the level of p21 in NIH 3T3 cells. Each number is an average of two
to four independent experiments.

Kirsten (rasK) sarcoma viruses. In both cases, these unique ras-
containing restriction fragments were found in multiple inde-
pendent lines of NIH cells transformed in both primary and
secondary transfection assays, indicating that they were not ac-
quired by random cotransfer of donor DNA segments (26). In-
stead, these results indicate that the transforming genes de-
tected by transfection of these human neoplasm DNAs represent
the cellular homologs of these two retroviral transforming
genes.
The unique rasH- and rasK-containing restriction fragments

present in NIH cells transformed by human tumor DNAs comi-
grated with rasH- and rasK-containing restriction fragments of
human DNAs, indicating that the ras sequences that mediated
transformation ofNIH 3T3 cells were derived from the human
tumor DNAs. Furthermore, the ras-containing restriction frag-
ments of EJ and LX-1 DNAs were indistinguishable from those
of other human DNAs, indicating that activation of these trans-
forming sequences in the human tumors did not involve DNA
rearrangements detectable by this Southern blot analysis. In-
stead, activation ofthe transforming activity ofthese sequences
may have involved point mutations or small rearrangements
that were undetected in these experiments.
The gene product (p21) encoded by rasH was expressed at

an increased level (2- to 4-fold) in NIH cells transformed by
human bladder carcinoma DNAs and in the EJ and J82 human
bladder carcinoma cell lines. Transfection experiments with
normal cell DNAs (2) and with molecular clones of the normal
cell genes homologous to the transforming genes of Moloney
sarcoma virus (mos) (27) and to rasH (28) have indicated that
altered expression of normal cell genes can result in transfor-
mation. In addition, abnormal expression of the cellular homo-
log of the transforming gene (myc) of avian myelocytomatosis
virus has been implicated in the development ofchicken B cell
lymphomas (29, 30).

Although molecular clones of the normal rat rasH genes lack
transforming activity, recombination of these genes with virdl
transcriptional regulatory sequences results in activation of
transforming activity that is correlated with an increased level
ofgene expression (28). It is thus possible that the transforming
activity of ras genes in the human bladder and lung carcinomas
is a consequence of mutations in regulatory sequences that re-
sult in abnormal gene expression. Alternatively, activation of
the transforming activity ofthese genes in tumors may involve
mutations affecting the activity of the gene products.

These results provide a link between the transforming genes
of viruses and human neoplastic disease. The findings that the
cellular homologs of the transforming genes of two sarcoma vi-
ruses induce efficient transformation upon transfection of
DNAs of two human carcinoma cell lines and that the protein
encoded by these genes is expressed in both transformed NIH
3T3 cells and the original human tumor cell lines strongly sug-
gests a causal role for these genes in human bladder and lung
carcinomas.

Because the rasH and rasK genes are members of a family of
related human genes (15), the involvement of two different
members of this gene family in human bladder and lung car-
cinomas further suggests the possibility that these genes may
be involved in a variety ofhuman neoplasms ofepithelial origin.
If this is the case, further studies of these genes and their gene
products may contribute to understanding the etiology of a sig-
nificant class ofhuman tumors.
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