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Abstract. The transformed phenotype of rat 208F cells trans-
fected with the T24 H-rasl oncogene is suppressed by simul-
taneous or subsequent transfection with the normal H-rasl
gene. The suppressed cells express both the normal and mutant
forms of ras p21 but the normal form predominates. Rare
transformed cells obtained after simultaneous transfection
express mainly the T24 p2l.Some suppressed cells induce
tumours in nude mice after a long lag period and these tumour
cell lines have much reduced expression of normal p21. The
normal H-rasl gene also suppresses the transformed phenoty-
pe induced by mutant N-ras, albeit less effectively. The tumor-
igenicity of the EJ bladder carcinoma cell line, which contains
only the T24 mutant allele of H-rasl, is also suppressed
following transfection with the normal H-rasl gene. The
results suggest that transforming alleles of ras genes do not
behave in a fully dominant manner and that expression of the
normal allele at elevated levels can lead to suppression of the
transformed and tumorigenic phenotypes.

The ras gene family encodes a set of gene products which are
highly conserved in nature (for a review see ref. 1). In
humans three members of the group have been identified,
H-ras1 and K-ras2 (cellular homologues of the Harvey and
Kirsten sarcoma viruses) and N-ras for which no transduced
viral form has yet been identified. Ras genes encode guano-
sine nucleotide binding proteins of approximately 21,000
molecular weight (p21) which have weak intrinsic GTPase
activity (2-4). The gene products localise to the inner side of
the plasma membrane and show structural similarities to
signal transducing G proteins (5, 6).

In a wide variety of experimental and spontaneous neopla-
sia, single point mutations in the protein coding sequences of
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ras have been identified which lead to ‘activation’ and the
ability to malignantly transform NIH3T3 cells in DNA-
mediated gene transfer experiments (for reviews see ref. 7
and 8). Since the recipient NIH3T3 cells contain and express
normal ras alleles, such experiments have been interpreted as
dominance of the activated gene in the determination of the
transformed phenotype (for review see ref. 1 and 7). Howev-
er, transfected cells often show higher levels of expression of
the transfected ras gene than the resident alleles, either
because of the integration of multiple copies or because of
altered transcriptional regulation (9, 10). Moreover, many
studies on tumor cell lines which express ras alleles with
codon mutations fail to support a simple dominance model.
Thus the EJ bladder carcinoma cell line contains the mutant
T24 H-rasl gene but not its normal allele (11), while the
A1698 bladder carcinoma and the A2182 lung carcinoma cell
lines contain only the mutant allele of K-ras2 (12). The
SW480 lung carcinoma line contains both mutant and normal
K-ras2 alleles but expresses only the mutant, while the CaLul
lung carcinoma line expresses both normal and mutant alleles
but the latter at much higher levels (13). In other cell lines,
however, the situation is different. Human T-cell ALL lines
express both mutant and normal N-ras p21 at equal levels
(14) and the human fibrosarcoma HT1080 line also expresses
both mutant and normal p21 at approximately equal levels
(15).

The situation in vivo is not clear either. Most studies with
human biopsy material are difficuit to interpret because of
problems in obtaining material uncontaminated by other cell
types. The loss of one H-ras1 allele has been reported in 30%
of primary breast carcinomas (16), while chemically induced
murine thymic lymphoma contains only a mutant N-ras allele
(17). In none of these situations is it known whether loss of an
allele is due to an associated loss of an onco-suppressor gene
on the same chromosome, or whether loss of the normal
allele is itself important.

Thus, the simple dominance of mutant ras in tumor-
igenesis may be questionable. The ratio of expression of
normal to mutant alleles may be important, or there may be a
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Figure 1. Schematic representation of aph recombinant plasmids carryving
rus genes. Plasmids pAGT] and pAGNI were constructed by inserting the
BamHI 6.5 or 6.4 kb DNA fragment carrving the T24 mutant or the
normal H-rasl gene respectively into plasmid pAG6H0 ay previously de-
scribed (9). Both plasmids carry the H-rasl gene in the same orientation as
the aminoglycoside phosphotransferase (aph) gene of the pAGO#) vector.

The aph gene is under the trascriptional control of the §' and 3" signals of

the Herpes simplex virus thymidine kinase gene. Plasmid pAGTNI was
constructed as follows: the 6.5 kb BamHI DNA fragment carrving the T24
H-rasl gene was inserted into the BamHI sites of plasmid pAGO0 in the
opposite orientation compared to the aph gene to obtain plasmid pAGT?2.
This plasmid was digested with Clal and self-ligated to remove the 1.3 kb
Clal fragment containing one of the two BamHI site of plasmid pAGO0 in
the opposite orientation compared 1o the aph gene 1o obiain plasmid
PAGT2, This plasmid was digested with Clal and self-ligated to remove the
1.3 kb Clal fragment containing one of the two BamH1 sites and 10 oblain
plasmid pCGT2. The 6.4 kb BamHI DNA fragment carrving the normal
H-rasl gene was then inserted into the single BamH! site of plasmid pCGT2
at the 5" end of the T24 H-ras! gene to obtain plasmid pAGTNI. Plasmid
PAGTNI carries the normal H-rasl gene in the same orientation to the T24
H-rasl gene. Construction of plasmid pNRMGI1 carryving the HTI080
N-ras gene has been desciribed previously (19). Briefly, a 2.9 kb EcoRI
fragment carrying the aph gene under the 5 transcriptional control
sequences of the MoMSV LTR and the 3' polvadenvlation signal of the
HSV-1 tk gene was inserted into the single EcoRl site of plasmid pNras
HTI080 (20). Plasmid pHGNI was constructed by inserting the 6.4 kb
BamH1 fragment containing the normal H-rasl gene into the single BamH1I
site of plasmid pHMR272 carrying the gene conferring resistance against
hygromyein B (21). The maps are not drawn to scale. Closed boxes
represent the coding exons and open boxes the 5' non-coding exon of the
124 and normal H-rasl genes. Arrows indicate the transcriptional orienta-
tion of the ras, aph and hyg, genes. B, BamHI; ¢, Clal. Continuous line,
human DNA; interrupted line, vector DNA.
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gene dosage ctfect. In the present study we provide evidence
that, in rodent cells transformed with activated human ras
genes, expression of the normal H-ras1 gene can suppress the
transformed and tumorigenic phenotypes. A preliminary re-
port on these studies has appeared previously (18).

Materials and Methods

Plasmids. Plasmids pAGN1. pAGTNI, pNRMG1 and pHGNI are shown
in Figure 1. Plasmids pAGT1 and pAGNI have heen previously described
(9). The construction of plasmid pAGTNI. carrying both the mutant T24
and normal H-ras] gene, and plasmids pNRMG1 and pHGNI, carrying
the HT1080 N-ras] in a hygromycin vector respectively, are described in
the legend of Figure 1.

Cells and gene transfer. The ral 208F cells (22) and their transfectants
were grown in Ham's SF12 medium containing 15% FBS. Gene transfer
was accompanied by using an clectroporation technigque (23) as de-
scribed in the legend of Table 1.

Anchorage dependence and wmorigenicity. Growth in semi-solid medium
containing methocel wis assayed by suspending a known number of cells
i Ham's SF12 medium supplemented with 15% FBS
0.9% methocel. Colonies in methocel containing semi-solid medium were
counted using the technique of Bol er al (24) as follows. At day nine
post-plating | ml of | mg INT (2-(p-iodophenyl)-2-(p-nitrophenyl)-
S-phenyl tetrazolium chloride)ml PBS was added 10 cach plate and
incubation continued overnight. The next day the colonies were counted.
INT was purchased from Aldrich Chemical Co. It was kept as a solution
ol 1 mg/mlin PBS at 4°C and was sterilized by autoclaving. The staining of
the colonies is based on the capacity of viable cells to reduce colourless

and containing

tetrazolium salts to water-insoluble red formozan which precipitates
inside the cells.

Tumorigenicity was tested by subeutancous inoculation of 1x10° cells
into I-month old nude mice (MFl-nu, Olac Lid., England) and the
animals were checked daily for the appearance of tumours.

Protein analysis. Metabolic labelling of cells with 7S-methionine and
immunoprecipitation of ras p21 with monoclonal antibody Y 13-259 were
carricd out as previously described (25). Proteins were separated by
one-dimensional SDS-polyacrylamide gel clectrophoresis as previously
described (25). The acrylamide concentration was 12.5% in the separating
gel and 5% 1n the stacking gel.

For immunoblotting, cell extracts were resolved by discontinuous
SDS-PAGE (26) using a 5% polyacrylamide stacking gel and 17%
polyacrylamide resolving gel. Proteins were clectroblotied onto nit-
rocellulose membranes (Schicicher and Schuell) as deseribed (27). Mem-
branes were blocked with 3% gelatin and then treated sequentially with
Y 13-259 anti-p21 rat monoclonal antibody, rabbit and anti-rat [gG and
alkaline phosphatase-conjugated goat anti-rabbit 1gG. Specific binding 1o
p21 was then detected by treatment with BCIP and NBT as described by
the manufacturers (BRL Laboratorics).

Control experiments for both immunoprecipitation and immunoblot-
ting showed that an excess of antibody was used in all cases.

End-labelling of oligonucleotide probes and hybridization. The antisense
20 mer oligonucleotides specific for the normal and T24 mutant H-ras 1
genes (5 -CCCACACCGCCGGCGOCCCAC-Y and 5-CCCACACC-
GACGGCGCCCAC-3" respectively) were purchased from the MRC
Institute of Virology, Glasgow, The oligonucleotides were end-Tabelled
using y-"P-ATP (5000 Ci/mmol, Amersham, UK) and T4 polynucleotide
kinase.

Agarose gel electrophoresis and direct-gel hybridization were carried
out as follows. The DNA digests were electrophoresed in a 0.5 cm thick
0.8% agarose gel. The DNA was denatured i sinein 0.5M NaOH, 1.OM
NaCl (2x20 min at room temperature) and neutralized in 0.5M Tris HCI
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Table 1. Electroporation of 208F rat cells with aph recombinant plasmids.

Donor ras Voltage  No. geneticin resistant
DNA gene (kv/em) colonies per 5x 107
cells plated
Total No. Morphologically
AVESD altered
AV £+ 5D (%)
pAGTI1 T24 H-rasl 2 623 £ 31 616 £ 31 (99)
pAGNI1 H-ras1 2 589 + 20 0
pAGTNI T24 H-rasl + H-ras! 2 474 £ M 0
pAGTI T24 H-rasl 4 479 + 22 451 = 34 (94)
pAGNI1 H-ras1 + 473 £+ 12 0
pAGTNI T24 H-rasl + H-rasl 4 423 £ 29 5.3 + 2.5 (1.2)

Electroporation was carried out as previously deseribed (23), using 1 pg of
plasmid DNA per 5x10° cells. Following clectroporation cells were
incubated at 37° C in Ham's SF12 medium containing 15% FBS for 24h.
Cells were then harvested and replated at a concentration of 13107 cells
per 5 ml medium per 25 cm® flask. The medium contained geneticin at 0.2
mg per ml and was replaced every 3-4 days. At day 10 after plating,
geneticin resistant colonies were scored with the aid of an inverted
microscope. To pick up colonies the top of the flask was removed with a
heated scalpel. Colonies were picked up after they were isolated from the
remaining colonics with a stainless steel ring and treated with trypsin. The
data are derived from the results of three experiments cach of which used
5 plates.

pH 7.5, 1L.OM NaCl (2x20 min at room temperature). Gels were dried
onto Whatman 3MM paper. The dried gel was wetted with distilled water
to remove the Whatman 3MM paper and scaled in a plastic bag for
hybridization. Hybridization was performed in 10 ml 5xSS5PE bulfer
(1xSSPE = 10 mM sodium phosphate pH 7.0, 0.18M NaCl and ImM
EDTA) containing 0.3% sodium dodecylsulfate (SDS) and 10 pg/ml
salmon sperm DNA at 55°C for 16h. Hybridized gels were washed as
follows: 1. For the normal oligonucleotide antisense probe: twice at RT
with 5xTATE (5.0M tetramethyl-ammonium chloride) containing 0.1%
SDS and once at 60°C with the same buffer for 30 min. 2. For the T24
mutant oligonucleotide antiscnse probe: twice atl RT with 5xTATE
containing 0.1% SDS for 30 min cach wash. once at 60°C for 30 min and
once at 65°C for 30 min in the above buffer.

DNA dot hybridization analysis was performed as previously de-
scribed (28) using synthetic oligonucleotides (29) and the hybridization
and nitrocellulose washing conditions were as described above,

RNA dot hybridization analysis was performed using the method of
White and Bancroft (30). Briefly, 5x10° cells were pelleted by centrifuga-
tion. washed twice with PBS. resuspended in 45 pl of ice-cold 10mM Tris
pH7.1. 1 mM EDTA and lysed by the addition of two 5 pl aliquots of 5%
Nonidet P40, Nuclei were pelleted by centrifugation for 5 mm in
eppendorf tubes and to the supernatant were added 30 ul of 20x8SC (1 x
SSC = 0.15M NaCl. 0.015M trisodium citrate) and 20 pl of 37% (w/w)
formaldehyde. This mixture was incubated at 60°C for 15 min and stored
at —70°C. For analysis 20 pl of cach sample were suitably diluted in
15xSSC, and 100 pl of cach dilution were applied on a nitrocellulose sheet
using a hybridot equipment. The nitrocellulose sheet was baked at 80°C
for 90 min and prehybridized and hybridized as above. Filters were
washed twice at RT for 30 min i 6xS8C, twice at 30°C for 30 min and
once at 70°C for 15 min in 6x585C.

Results

The transformed phenotype of 208F cells transfected by mutant
andlor normal ras gene. The rat 208F cell is an established

Figure 2. Normal and transformed 208F rat cells with aph recombinants: a,
208F, b, RFAGTNI-I; ¢, RFAGN-1; d, RFAGTI-I.

line with a normal morphology which grows in an anchorage-
dependent manner and is non-tumorigenic in nude mice (8.
22). 208F cells were transfected by electroporation at two
different voltage gradients with plasmid DNA containing the
bacterial aph gene and either the normal or mutant T24
H-rasl genes or with both ras genes together in the same
molecule (see Figure 1 for schematic representation of the
plasmid constructions). After transfection, clones expressing
the aph gene were selected by growth in medium containing
geneticin and the number and morphology of geneticin
resistant colonies were determined.

The results are summarized in Table 1. As expected,
transfection with the normal H-ras1 gene resulted in geneticin
resistant colonies with a normal morphology, while transfec-
tion with the T24 gene resulted in 94-99% of colonies having
a morphology characteristic of transformed cells (eg. see
Figure 2). However, transfection with a plasmid containing
both the normal and T24 genes produced geneticin resistant
colonies with a normal morphological appearance. Using
electroporation at 2kV/cm none of the colonies observed had
a transformed appearance, while using 4kV/ecm only about
1% of the resistant colonies appeared transformed.

In order to study in more detail the phenotypes of the cells
obtained after transfection, individual geneticin resistant
colonies were picked and established in liquid culture. Cells
from representative colonies were then plated in semi-solid
medium to determine anchorage dependence or inoculated
sub-cutaneously into nude mice to determine the tumorigenic
phenotype. The results are shown in Table I1. As expected,
the original 208F line was neither anchorage independent nor
tumorigenic. A representative line obtained by transfection
of the aph plasmid without any ras genes (line REAGO-1) was
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Table II. Anchorage independence and tumorigenicity of rat 208F cells  also anchorage dependent and non-tumourigenic, as was line
transfected with aph recombinanis carrying ras genes. RFAGNI-1 obtained by transfection with a plasmid contain-
Colls Donor s Anchorage  Tumorigenicity ]ing the normal H-rqsl gene. A repre§entat.ive morphological-
DNA genes  independence (No. of mice y-altered line obtained by transfection with the T24 H-rasl
(colonies/10*  with tumors oncogene (line RFAGT1-1) was anchorage independent and

cells plated)* /total No.)® induced tumours in 10/10 nude mice.

AV + SD The majority of colonies obtained after transfection with a
208F - - 0 0/5 plasmid containing both the normal and mutant T24 H-rasl
RFAG60-1 PAG60 - o 0/4 gene were flat and morphologically normal and were desig-
RFAGTI-1 PAGTL T24 Horasl 70 + 13x10 10710 nated -F. Rare round, morphologically altered cells were
RFAGNI1-1 pGN1 H-rasl 0 0/8 desi d -R. Eisht -F cell lines amined. T
RFAGTNI-IF pAGTNI T24 Horasl 11 + 4.7 210 esignated -R. Eight -F cell lines were examine - Two were

+ H-rasl completely anchorage dependent and non-tumourigenic (-4F
RFAGTNI1-2F « ” 30 £95 0 38t and -6F). The remainder showed a low but detectable degree
gﬁg;ﬂ}'ii ) ) 7 i03~0 1(;/5* of anchorage independence compared with 208F cells or
- « » 4 . . )
RFAGTNLSE . . 10 + 3.3 " RFAGNI,.but much.lower than transformed line RF.AGTl
. « - 1. These lines showing some degree of anchorage indepe-
RFAGTNI1-6F 0 0/4 8 g g P
RFAGTN1-7F ” “ 16 53 1/4* dence also induced tumours in the minority of nude mice
RFAGTNI-8F “ " 23 £ 19 0/4 inoculated, but only after a long lag period of six to twelve
” “ 2 . . . .
RFAGTNI-1SR 67 + 9.4x10 5 weeks (in contrast to morphologically altered lines obtained
RFAGTNI-16R “ v 31 + 11x10% 3/3

with the T24 gene which normally induce tumours in 10-14
a. Cells were plated in medium containing 0.9% methocel. The data are days)_ The two -R colonies tested showed a high degree of
derived from the results of 3 experiments cach of which used 2 platcs at anchorage independence and induced tumours in all inocu-
the appropriate cell dilution. > . . ;
b. Tumorigenicity was tested by subcutaneous inoculation of 1x 10° cells lated animals with a short Iag perlOd'
into 1-month old nude mice (MFI-nu, Olac Ltd., England). 1 cm diameter The results indicate that, while transfer of the T24 H-ras]
tumors appeared within 2 weeks with the RFAGT1-1, RFAGTNI-ISR  oncogene into 208F cells results in colonies with a marked
and RFAGTNI-16R cells and at between 1-3 months with the other  rqncformed phenotype, simultaneous transfer of the normal
tumorigenic cell lines (*). No tumors were obtaincd with the 208F, . . . .

gene with the mutant gene results in cells in which the

RFAG60-1 and RFAGNI1-1, even after 3 months post inoculation. c
transformed phenotype is strongly suppressed.

Table IIl. Electroporation of 208F, RFAGTI-1, -2, -3 and RENRMGI-1 cells with hyg recombinant plasmids.

Recipient Donor DNA No. of hygromycin resistant
Cells (carrying colonies / 5 + 10* cells plated
(Exogenous ras genc) AV * SD
ras genc)
Liquid Semi-solid
medium medium

(Morphologically
altered) (%)

208F pHMR 272 35 6.5 (0) (0) 0

208F pHGNI (H-rasl) 34 = 7.0 (0) (0) 0

RFAGTI-1 (T24 H-rasl) pHMR 272 45 £ 9.7 (42 + 9.4) (93) 40 + 9.4
RFAGTI-1 (T24 H-rasl) pHGNI (H-rasl) 46 £ 6.8 (3.7 * 1.4) (8.0) 33 2.0
RFAGTI-2 (T24 H-rasl) pHMR 272 47 + 8.9 (44 + 8.0) (94) 43 + 9.1
RFAGTI-2 (T24 H-rasl) pHGNI (H-rasl) 45 + 8.4 (2.7  1.6) (6.0) 22+ 12
RFAGTI-3 (T24 H-rasl) pHMR 272 47 £ 12 (45 £ 12) (96) 43 + 11
RFAGTI-3 (T24 H-rasl) pHGNI (H-ras1) 43 £ 8.7 (25 + 1.0) (5.8) 3.0 = 1.4
RFNRMG1-1 (HT N-ras) pHMR 272 38 * 6.9 (36 + 6.5) (95) 37 + 6.6
RFNRMG1-1 (HT N-ras) pHGNI (H-ras1) 39 £ 6.7 (12 + 3.3) (31) 12 + 4.0

Electroporation was carried out as previously described (23) using 10 pg plasmid DNA per 5 x 10° cells at 2 kV/em. Following electroporation, 5 x 10*
cells were plated per 25 cm? flask in 5 mls of liquid medium or per 9 em diameter bacteriological plate in 20 ml methocel containing semi-solid medium
as described in Materials and Mecthods in the presence of 0.2 mg/ml hygromycin B (from Boehringer). The liquid medium was replaced every 3-4
days. At day 10 after plating, hygromycin resistant colonies were scored with the aid of an inverted microscope. Morphologically altered cells had a
round morphology and grew in a disoriented fashion. Colonies in methocel containing semi-solid medium were counted using the technique of Bol et a/
(24) as described in The data are derived from the results of three experiments cach of which used 2 plates.
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Figure 3. DNA dot hybridization analysis of iransfecied rat 208F cells using the oligonucleotide probes for the normal and mutant T24 H-rasl gene.

It was not necessary to transfer the normal and mutant
genes simultaneously to obtain suppression. Introduction of
the normal H-ras1 gene into cells previously transformed with
mutant ras genes also resulted in suppression. Independent,
moprhologically altered cell lines were established from
geneticin resistant colonies obtained by transfection with
plasmids containing the T24 gene (lines RFAGTI-1, -2 and
-3) or a mutant N-ras gene from HTI080 cells (line
RFNRMG -1). The cell lines were transfected with plasmids
containing the hyg gene conferring resistance to hygromycin,
with or without the normal H-rasl gene (see Figure | for
constructions). 24 hours after transfection the cultures were

trypsinised and plated directly into liquid culture or semi-
solid medium containing hygromycin,

The results are given in Table I11. In each case, introduc-
tion of the normal gene into the cells resulted in suppression
of the transformed phenotype as judged by the morphology
of cells in liquid culture, or anchorage independent growth in
methocel. In this experiment the proportion of drug resistant
colonies obtained by transfection with the normal gene which
still showed a transformed morphology (6-8%) was higher
than in the simultaneous transfer experiment shown in Table
I, although 2kV/cm was used. In the case of cells transformed
originally with the mutant N-ras gene. suppression was also
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Figure 4. RNA dot hybridization analysis of transfected rat 208F cells using the oligonucleotide probes for the normal and mutant 724 H-rasl gene.

obtained but at a noticeably lower level (31%). This indicates
that whatever the mechanism, suppression can be obtained
across members of the ras gene family, albeit apparently less
effectively.

Expression of normal and mutant ras genes in transfected cells.
To determine whether there was a correlation between the
levels of human ras gene expression and the transformed and
tumorigenic phenotypes. the DNA and RNA contents and
p21 expression of individual cell lines were analysed.
DNA content was detected by dot-blot hybridization using
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synthetic oligonucleotide probes specific for the human nor-
mal or mutant H-rasl alleles (Figure 3). As expected, the
probes did not detect any DNA in 208F cells, while in cells
transfected with either the normal or T24 H-ras1 genes only
the appropriate DNA was detected. Regardless of morpholo-
gy, anhcorage independence or tumorigenicity, cell lines
obtained after simultancous transfer of both the normal and
T24 H-rasl genes contained both types of DNA. This was
confirmed by Southern blot analysis after cleavage of cell
DNA with BamH 1 which generates different sized fragments
from the two genes (data not shown).
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Figure 5. a. Analysis of p2I ras oncegene products in 208F cells transfected with plasmids pAGNI (RFAGNI-1 cells), pAGTI (RFAGTI-I cells) and
pAGTNI (RFAGTNI-IF 1o -5F cells). RFAGTNI-1F-LS and RFAGTNI-2F-LS represent the RFAGTNI-1F and RFAGTNI-2F cells respectively
grown for 1 month in medium containing 2% serum. [*S] methionine-labelled cell extracts were immunoprecipitated with anti-p21 monoclonal antibody
Y13-259 and analyzed by electrophoresis on 12.5% SDS-polyacrylamide gels as described previously (25). b. Analysis of p21 ras oncogene products as
above in clones RFAGNI-I, RFAGTI-1, RFAGTNI-IF and RFAGTNI-I5R.
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Figure 6. Immunoblots of p21 expressed in cell lines after transfection of rat 208F cells with normal and T24 ras genes. Lane 1; cells transfected with
normal vas only, RFAGNI-1. Lanes 2-8; cells transfected with mutant T24 vas, RFAGTI-1, -4, -6, -7, -8, -10 and -11. Lanes 9-11; flat morphologically
normal cells obtained after transfection with both normal and T24 ras, RFAGTNI-11F, -13F and -2F.
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Figure 7. a. Analysis of p21 ras oncogene products in 208F cells transfected with plasmids pAGNI (RFAGNI-1 cells), pAGT] (RFAGTI-I cells), and
PAGTNI (RFAGTNI-2F cells). RFAGTNI-2TI, RFAGTNI-2T2 and RFAGTNI-2T3 cells were derived by in vitro culture of the tumors from different
nude mice induced with the RFAGTNI-2F cells.
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b. Analysis of ras p21 in cells transfected with plasmid pAGTNI (RFAGTNI-IF cells) and the REAGTNI-111 (tumor derived) cells after inoculation of
RFEAGTNI-I cells into nude mice, j”.ﬁ'} methionine-labelled cell extracts were analvzed as in Figure 5.

RNA dot blot hybridization was also performed using the
same two oligonucleotide probes (Figure 4). Once again the
RNA detected was specific for the gene used to transfect the
cells, and cells transfected by both the normal and mutant
gene contained both types of RNA. Within the -F series of
morphologically normal lines. there was some variation in the
relative amounts of both the normal and mutant RNA from
line to line. In the case of the round transformed line -15R
there was noticeably less normal RNA than in the -F series,
although the mutant RNA was expressed at a similar level to
some -F lines.

Expression of ras p21 was examined by immunoprecipita-
tion using the pan-ras monoclonal antibody Y13-259 (25)
followed by SDS-PAGE electrophoresis which separates the
products of the two genes (31). Figure 5 shows that while no

21 was detected in 208F cells using this antibody, cells
transfected with only the normal or the mutant genes express-
ed only the related gene products. Of the five representative
flat cell lines obtained after simultaneous transfer of the
normal and mutant genes (-1F to 5F), Figure 5a shows that,
while there was some variability in the level of p21 from one
line to another, all the lines expressed both the normal and
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Figure 8. Recombinant plasmids carrying the human metallothionein 1A
(hRMT-IIA) regulatory region and the H-rasl gene. Construction of plas-
mids pl10 and pl08 has been described (32). Briefly, pll0 carries the
hMT-11A 5' regulatory sequences (approximately 0.8 kb of DNA) (33),
upstream of the normal H-rasl gene. Plasmid pl08 carries the same
metallothionein sequences fused near the first coding exon of the normal
H-rasl gene. The maps are mot drawn to scale. Arrows represent the
transcriptional orientation of H-rasl, aph and hMT-IIA sequences. Closed
boxes represent the four coding exons, open box the non-coding exon of the
H-rasl gene and stippled boxes the hMT-1IA regulatory sequences. B,
BamHI; H, Hindlll.

Table IV. Electroporation of EJ human cells with aph recombinant
plasmids.

Donor ris Location Voltage No gencticin resistant
DNA gene of h(MT-IIA  (KV per  colonies per 1x10°
enhancer cm) cells plated”
AV £ SD
plio H-ras1 upstream 2 84 £ 10
plO8 H-ras1 fused 2 8 £ 7.5
pll0 H-rasl upstream 4 72 = 11
plo8 H-ras1 fused 4 71 £ 6.6

* See Figure 7.

" Electroporation was carried out as previously described (23) using 1 ug
of plasmid DNA per 5% 10° cells. The data arc derived from the results of
three experiments cach of which used two plates.

mutant gene products. In each case there was more normal
p21 expressed than T24 p21. The -15R round tranformed
line, which expresses much less normal RNA than the -F
series, expressed mainly T24 p2l, and no normal gene
product could be detected (Figure 5b).

Comparing the results of Figure 5 with Table 2, the only
apparent correlation is that suppression of the transformed
phenotype is observed in cells which express mainly the
normal p21. There seems no apparent correlation between
the absolute or relative levels of normal or mutant p21 and
the intermediate phenotypes of the suppressed cells. Cells
expressing only or mainly p21 are completely transformed
and tumorigenic.
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Table V. Tumorigenicity of EJ human cells transfected with aph recom-
binants carrving ras genes.

Cells Donor ras Location Tumorigenicity
DNA® gene® of AMT-1IA  (No of mice with
enhancer®  tumors/total no)”
EJ - - - 8/8
EJ 110-1 pl10 H-rasl upstream 6/10*
EJ 110-2 pll0 H-rasl upstream /5%
EJ 108-1 pl08 H-rasl fused 110*
EJ 108-2 pl08 H-rasl fused w5

a. See Figure 7. b, Tumorigenicity was assayed as described in Materials
and Methods.

* Tumors appeared between 1-3 months post inoculation. All other
tumors appeared within a month.

The steady state levels of expression of normal and mutant
p21 in cell lines were also analysed by immunoblotting using
Y13-259 antibody, rabbit anti-rat 1gG and detection with
alkaline phosphatase-conjugated goat anti-rabbit IgG (Figure
6). Cells malignantly transformed by T24 ras alone
(RFAGTI-1, -4, -10 and -11) showed considerable variation
in p21 expression, as expected. Two morphologically normal
cell lines (RFAGTNI-11F and -13F) transfected with both
the normal and the T24 ras expressed both forms of p21. The
normal p21 was expressed at slightly higher levels than T24
p21. Significantly, T24 was expressed at higher levels in -11F
and -13F than in the morphologically abnormal. tumorigenic
lines RFAGTI-1, -4 and -10 of in transformed lines
RFAGT]I-2 and -9, in which T24 p21 could barely be detected
(data not shown). Thus the tumorigenic phenotype in indi-
vidual clones does not correlate with the absolute level of T24
p21 expressed.

Selection of tumorigenic variants from suppressed cells. Table
[1 shows that some suppressed cell lines obtained after
transfection with a plasmid containing both the normal and
the T24 H-ras1 genes gave rise to tumors in nude mice after
a long lag period. Individual tumors from individual mice
were excised, established in liquid culture and p21 ras ex-
pression examined as above. Figure 7a shows the immunop-
recipitation patterns of one flat suppressed line (-2F) and
three independent tumour lines derived from it (-2T1, -2T2
and -2T3). It is clear that while the parent -2F expresses more
normal p21 than T24 p2l, the three tumor lines express
predominantly mutant p21. Itis also notable that the tumor
lines did not express the mutant gene product at detectably
higher levels that the flat parent cell line. Figure 7b shows a
similar experiment with parent line -1F and tumor line -1T1
with similar results. Apparently acquisition of the tumorige-
nic phenotype is correlated with suppression of normal p21
expression.

Similar results were obtained by growth of flat suppressed
cell lines in low serum. After one month of culture of -1F and
-2F cells in 2% serum (splitting the cells 1/8 every three days),
the cultures showed a mixed phenotype with some cells
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remaining flat and others showing a round transformed
morphology. Figure 5a shows that, compared to the parent-F
lines, the low serum cells had reduced levels of normal p21.

Transfection of EJ bladder carcinoma cells with normal H-ras
1. The human EJ bladder carcinoma cell line contains and
expresses only the T24 mutant form of the H-ras1 oncogene.
It was of interest to determine whether the tumorigenic
phenotype of this line could be suppressed by transfection
with the normal gene. Aph plasmids were constructed con-
taining the normal gene with its own promoter, the normal
gene with a 5’ insertion of the human metallothionine IIA
promoter or the normal gene with its own promoter (see
Figure 8). The human metallothionine promoter contains a
strong enhancer element (38, 33).

EJ cells were transfected with these plasmids and geneticin
resistant colonies selected. The number of colonies obtained
are shown in Table IV. In this case there are no morphologic-
al criteria to assist assessement of the transformed phenoty-
pe. Representative colonies were picked, established in liquid
culture and the tumorigenic phenotypes determined by ino-
culation into nude mice. Table V shows that transfection with
the normal H-ras1 gene under the control of its own promoter
led to little or no suppression of the tumorigenic phenotype.
There was gene suppression when the metallothionine prom-
oter was inserted 5’ to normal H-ras1 but when the gene was
placed under the direct control of the metallothionine promo-
ter a marked reduction in the proportion of mice developing
tumours was observed and those tumours which arise did so
after a delayed lag period.

The experiment strongly suggests that the tumorigenic
phenotype of the EJ cell line can be suppressed by expression
of the normal H-rasl gene but that in this case the level of
gene expression must be elevated using a strong promoter.

Discussion

In a wide variety of tumours cellular ras genes are activated to
highly transforming forms by point mutation. Detection of
such activated forms by DNA-mediated gene transfer into
‘normal’ cells has led to the concept that activated ras
behaves dominantly in determining the transformed or
tumorigenic phenotype. In contrast, the results presented
here provide evidence that in rat 208F and human EJ cells
dominance can at best be partial and the level of expression
of a normal H-rasl gene contributes to the phenotype.
We have shown that transfer of the normal gene into
recipient cells, either simultaneously with or subsequent to
transfection with mutant ras, suppresses the transformed
phenotype. Cells transfected with both the normal and
mutant genes contain and express both the normal and
mutant RNAs and p21 proteins. Analysis of p21 expression
shows that in flat suppressed cells normal p21 is expressed at
higher levels than T24 p21, while in a rare round cell which
expresses a transformed phenotype the T24 p21 form pre-
dominates. Tumour cell lines derived directly from suppres-
sed parent cells show reduced levels of normal p2l and a

predominance of T24 p21. Importantly, there is no apparent
correlation between the absolute levels of mutant gene
expression and the type of transformed phenotype observed.
These results strongly imply that the expression of normal
H-ras1 p21 suppresses the transformed phenotype induced by
mutant ras.

The experimental situation described above is quite diffe-
rent from cell-hybrid experiments in which the tumorigenic
phenotype of tumour cell lines is suppressed by fusion to
normal fibroblasts or selection of flat revertants of transfor-
mants obtained after transformation with viral oncogenes. In
some such experiments there is unambiguous evidence that

-suppression is achieved without detectable alteration in the

level or ratio of normal to mutant p21 (34, 35). In these cases
suppression is due to other genetic or epigenetic events
perhaps involving specific ‘suppressor genes’. We do not
suggest that our results throw doubt on the existence of such
genes but that in different circumstances suppression can be
achieved by different mechanisms. For example, in the
studies of Geiser et al (35) the tumorigenicity of the EJ cell
line was suppressed by fusion to normal fibroblasts. Non-
tumorigenic hybrids expressed mainly T24 p21 and the nor-
mal p21 was barely detectable. However, in the present study
the tumorigenicity of the EJ cells is suppressed by transfec-
tion with the normal gene, but only when the ras promoter is
replaced by the very strong human metallothionine promo-
ter, suggesting the importance of the level of normal p21 in
achieving suppression. It seems likely that as yet unknown
genetic or epigenetic factors may determine the most readily
observed route of suppression.

Recently, Paterson et al (15) analysed two non-tumorige-
nic revertants of the human HTI1080 cell line. This line
contains two normal alleles of N-ras and two mutant alleles.
The revertants had lost one mutant allele and underexpressed
mutant p21 by about 50%. Since they failed to induce
reversion of the HT1080 line by transfection with normal
N-ras or inoculation of the normal N-ras p21, the authors
concluded that the absolute level of mutant p21 determines
the tumorigenic phenotype and that the ratio of normal/
mutant p21 was not important. The reasons for the apparent
discrepancy between this study and ours are not obvious,
although the experimental conditions are quite different. The
conclusion reached by Paterson et al cannot be general since
the EJ line is suppressed by transfer of the normal H-rasl
gene. It is possible that each tumour cell line has different
properties and this is underlined by the fact that the HT1080
line expresses normal and mutant N-ras p21 at approximately
equal levels while the EJ cells express only a mutant allele of
H-ras1 and that at highly elevated levels.

The mechanism(s) of the suppression described in the
present study remains to be determined. There are several
possibilities for the level at which suppression might operate.
We do not favour the idea that transfection of the normal
gene leads to transcriptional interference with the mutant
gene, since suppression can be obtained subsequent to éstab-
lishment of tumorigenic cells by T24 ras and also because in
the tumorigenic 15R line there are reduced levels of normal
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ras rather than elevated levels of mutant ras. We cannot
exclude an element of translational efficiency or competition,
since suppressed cells (which are the most common cells
derived from simultaneous transfer) all express more normal
than mutant p21 although they were transfected with
stoichiometric amounts of each gene. The most likely ex-
planation derives from the studies on p21 expression. Sup-
pressed cells usually express much more normat p21 than T24
p21, whereas rare transformed cells derived directly following
double transfection or from selection in nude mice or growth
in low serum express more T24 p21 than normal p21. Since
the transformed phenotype does not correlate with the abso-
lute level of T24 p21 expression (Figure 6), we suggest that
normal p21 can compete with mutant p21 for other specific
cellular proteins, sites or substrates.

Ras p21 becomes anchored at the inner side of the cell
membrane through lipid modification (36-38) but there is na
evidence that the attachment sites are specific. One impor-
tant function of p21 is in transmitting the proliferative signal
triggered by tyrosine kinase growth factor receptors (39, 40),
possibly subsequent to altered lipid metabolism (41). Con-
ceivably, competition could be for a receptor protein or
metabolites activated during signal transduction. Mutational
analyses have identified an effector domain within p21,
thought to be the site of interaction with an effector protein
during signal transmission (42), which could be a strong
candidate for competition.

Recently, Trahey and McCormack (43) have described a
cytoplasmic activity (GAP) which accelerates the hydrolysis
of GTP bound to normal but not mutant N-ras. The biologi-
cally active form of p21 is assumed to be GTP bound, by
analogy with G proteins (5), leading to the suggestion that
mutant ras is highly transforming because the p21 cannot be
hydrolysed efficiently to the inactive GDP bound form.
Unless GAP is itself an effector protein activated by p21
interactions, we suggest it is an unlikely candidate for com-
petition; competition with normal p21 would have the effect
of leaving mutant p21 in the active GTP-bound form. What-
ever the mechanism, the fact that normal H-ras can suppress
the phenotype induced by mutant N-ras suggests that the
putative target can interact with both proteins.
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