
Nonlinear summation of the effects of where v is the recorded potential and s is the 
number of stimulations, the corresponding 

clustered terminals could also account (PSP'S) recordings being vj, for j = 1, . . . , s. 
for the lack of fits observed in other Then n + 2  

preparations, including when analyzing Eexp = - C P, log P, 
fluctuating PSP's evoked in motoneu- / = I  

rons by 1; synapses [7; see also (I)]. 
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Activation of a c-K-ras Oncogene by Somatic 
Mutation in Mouse Lymphomas Induced by Gamma Radiation 

Abstract. Mouse tumors induced by gamma radiation are a useful model system 
for oncogenesis. DNA from such tumors contains an activated K-ras oncogene 
that can transform NZH 3T3 cells. This report describes the cloning of a fragment 
of the mouse K-ras oncogene containing the first exon from both a transformant in 
rat-2 cells and the brain of the same mouse that developed the tumor. Hybrid 
constructs containing one of the two pieces were made and only the plasmid 
including the first exon from the transformant gave rise to foci in NZH 3T3 cells. 
There was only a single base difference (G -, A)  in the exonic sequence, which 
changed glycine to aspartic acid in the transformant. By use of a synthetic 
oligonucleotide the presence of the mutation was demonstrated in the original 
tumor, ruling out modifications during DNA-mediated gene transfer and indicating 
that the alteration was present in the thymic lymphoma but absent from other 
nonmalignant tissue. The results are compatible with gamma radiation being a 
source of point mutations. 

Certain oncogenes can change the nor- injected into nude mice (I). Such onco- 
ma1 morphology of cultured rodent fibro- genes have been found in human tumors 
blasts toward an oncogenic phenotype, and cell lines derived from them (I) and, 
enabling those that carry the genes to more recently, in model systems in 
grow in soft agar and form tumors when which tumors were induced by carcino- 

gens or y-radiation (2,S). The oncogenes 
that appear to be most frequently acti- 
vated in humans and in animal model 
systems belong to the ras family: H-, K-, 
and N-ras (4). H- and K-ras were first 
found in rat retroviruses (5). N-ras was 
first found in a human tumor cell line (I), 
and in other species we found it associat- 
ed with carcinogen-induced mouse lym- 
phomas (2). All three genes encode 
closely homologous proteins with a mo- 
lecular weight of about 21,000 (p21), and 
each gene, when activated, differs from 
its normal cellular homolog by a single 
point mutation that alters the 12th or 61st 
amino acid of the protein (6). 

We recently reported the activation of 
cellular ras (c-ras) oncogenes in vivo, in 
mice treated with a carcinogen or y- 
radiation (2). Both treatments cause a 
high incidence of thymomas in crosses 
between AKR and RFIJ mice, but the 
carcinogen activates N-ras whereas radi- 
ation activates K-ras. To further charac- 
terize the activated K-ras, we have stud- 
ied one of the y-radiation-induced tu- 
mors (tumor x). DNA from tumor X was 
used to obtain 3T3 primary transfor- 
mants (Fig. lA, lane a). With D N A  from 
this primary transformant, secondary 
transformants were obtained in rat-2 
cells (Fig. lA, lane c) to facilitate the 
identification and subsequent cloning of 
mouse sequences (2). The two bands of 
17.3 and 14.4 kb on top of lane a repre- 
sent the endogenous 3T3 band (17.3 kb, 
compare Fig. lA, lane e) plus the new 
information acquired from the tumor 
(14.4 kb). This band has a different mo- 
lecular weight because of the rearrange- 
ments that frequently occur during gene 
transfer. If one compares Fig. 1 A, lanes 
a and c,  it is clear that only the 14.4-kb 
band is transferred concordantly with 
the oncogenic phenotype. Since the 
point mutations associated with ras acti- 
vation have been found in only two posi- 
tions, at amino acids 12 and 61 (6), 
predominantly in the former, we exam- 
ined the fragment containing the first 
exon and therefore the sequences for the 
12th codon. We found the first exon in 
the 17.3-kb band in normal mouse DNA 
and in the 14.4-kb band in the rat trans- 
formant by using a specific probe ob- 
tained from a Kirsten rat sarcoma virus 
complementary DNA (cDNA) clone 
(data not shown) (7). The 17.3-kb band 
from the mouse brain that developed 
tumor X and the 14.4-kb from the sec- 
ondary rat transformant were extracted 
from agarose gels and shown to be pure 
(Fig. lA, lanes f and d). They were 
subsequently ligated to phage X 47.1 
Hind I11 arms and cloned as described 
(8). 
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Figure 1B shows that the restriction 
sites for the brain and the transformant 
clones on the right-hand side are identi- 
cal and therefore belong to the same 
gene, mouse c-K-ras. At the left-hand 
side there is no similarity between the 
two maps, presumably because the clone 
isolated from the transformant was mod- 
ified during the DNA-mediated gene 
transfer. It is now linked to canier or rat 
DNA in the recipient cell and therefore 
the limit of true mouse c-K-ras gene and 

adjacent sequences is a maximum of 8 kb 
at the right end of the transformant 
clone. By using different digests of the 
clones in Southern blots probed with the 
sequence specific for the first exon men- 
tioned above, this exon was located in a 
0.7-kb Eco RI fragment (Fig. IB), close 
to the right end of the insert. 

It was then important to show that the 
K-ras recombinants from brain and the 
transformant contained the area of func- 
tional significance. With that aim, we 

used a plasmid harboring the second, 
third, and fourth exons from a normal 
human H-ras gene (9). In front of these 
human exons we inserted (Fig. 2) the Bgl 
11-Hind I11 fragment from our transfor- 
mant clone AMKT-142 (Fig. 1B). When 
this chimeric plasmid @BKT-142 in Fig. 
2) was used in the conventional NIH 3T3 
transformation assay (I), its efficiency 
was about five foci per nanogram, which 
is the expected efficiency for a pure ful- 
ly active oncogene (I). When the Sst II- 

a. XbaI  
b. Klenow 
c. HindmLi~  
d. H indm 
e.Bam H I  

Fig. 1. Cloning and restriction 
map of a mouse DNA fragment cl 
containing the first exon of K- " ."L I 
ras (A) Southern blot of Hind 
III-digested DNA's from nor- 
mal and transformant DNA's to- 

I. - Transformant 14.4 kb 4 
gether with the purified frag- r. FA.u_- 

ments isolated from them. The 
Southern conditions were as de- 
scribed (2). The hybridization 
probe was a Sst 11-Xba I frag- D 100 bp 
ment from the HiHi3 plasmid - H 

which contains cDNA se- Mouse K-ras exon 1 
quences from the Kirsten rat 
sarcoma virus (7). The isolated fragments were electroeluted from the agarose gel and purified through an Elutip column (S and S). (Lane a) 3T3 
primary transformant generated with DNA from tumor X; W e  b) rat-2; (lane c) rat secondary transformant obtained with DNA from cells shown 
in lane a; (lane d) 14.4-kb fragment isolated from a preparative gel of DNA from lane c; (lane e) brain DNA from the mouse that developed tumor 
X; and (lane fJ 17.3-kb fragment isolated from a preparative agarose gel of DNA from lane e. (B) Restriction map of the recombinant clones 
obtained from the transformant and brain DNA's. The restriction maps were obtained by a combination of single and double digests with the 
enzymes indicated. The box represents the insert in the clones; the adjacent thin lines are A 47.1 arms. The open box indicates sequences from the 
mouse K-ras locus. The hatched box represents sequences in the transformant clone belonging to canier or rat DNA. The black box is the first 
coding exon. The letters are H, Hind 111; P, Pvu 11; Bg, Bgl 11; E, Eco RI; Pt, Pst I; Ha, Hae 11; S, Sst 11; X, Xba I; St, Stu I; R, Rsa I. The under- 
lined restriction sites are not mapped through all the clone. 

- T4 Ligase- 

Q Ligase - 
4 k 

Fig. 2. Hybrid ras constructs with brain or transformant fist exon. 
Plasmid PLNBXP (9) contains the second, third, and fourth coding 
exons from a nonnal human H-ras gene. The exons are represented 
by small rectangular open boxes numbered 1 to 4. The thin line is for 

- 
FK sm/P plasmid sequences. The boxes are as follows: open, human H-ras 

sequences; stippled, human K-ras sequences from the original 
PLNBXP; single dots, sequences from canier or rat DNA present in 
AMKT-142; striped, sequences from the mouse brain K-ras locus; 
solid, sequences of the mouse K-ras locus isolated from the transfor- - mant. The operations conducted for the construction are indicated in 
the figure and were performed under standard conditions (20). The 
symbols are for restriction endonucleases: E, Eco RI; K, Kpn I; Sm, 
Sma I; P, Pvu 11; A, Apa I; X, Xba I; St, Stu I; R, Rsa I; B, Barn HI; 
Sa, Sal I; H, Hind 111; Bg, Bgl 11; S, Sst 11. The circled endonuclease 
symbols represent the restriction sites involved in each particular 
construction step. hMKT-142 and hMKN-142 are described in Fig. 
1B. 



Fig. 3. Sequence comparison of 1 
met thr glu the K-ras first coding exon from m-K-re, M M M , A ~ T C A G W A T G , T M T T T A G T n : T A T T T T A T T A ~ A T n i T A A C a c n O m A  ATG 4CT GAO 

mouse brain. ,mouse transfor- ltuf 
m a t ,  human and viral origin. .....a. ,.T,*G.,.*.c*.*A.**.T*..*....***.*A..*.c .................................... 
The 0.7-kb Eco RI fragment 
from both brain and transfor- v-K-ram 

2s ......... GGAGCQQA.AG........*A*** 

mant clones containing the exon 
(Fig. 1B) was subcloned into the 10 20 

tyr ly8 leu val val val qly ala 91Y gly val qly ly8 ser ala leu thr 110 qln leu ile gln a8n 
plasmid pUC8 (12) and se- m-K-r.8 TAT A M  CTT GTG GTG GTT GGA GCT GGT GGC GTA GGC AAG AGC GCC TTG ACG ATA CIG CTA ATT CAG M T  

quenced by the method of 4 7iZT-r 
Maxam and Gilbert (13). A, ade- 
nine;~,guanine;~,thymine;~, ............................... ..................... n. .................. 
cytidine. Stars indicate identity V.~.~,...............~.........~................~........................... 
with the mouse sequence (m). 
The amino acids are represented 30 splice 
on top of the coding region. hi8 phe val amp glu tyr asp pro thr ile glut 

some restriction sites are given. m-K-raa CAC TTT GTG OAT GAO TAC GAC CCT ACG ATA GAG O T M C a C C a C T C A C A G T T G C G ~ T A M G G A ~ O  
R.ar 

The location of the 3' splice site 
and the human (h) sequence is h-K-ra8 "T "' "' "C "A "T "T *'A "A "' "' " ' * A T * m * T T T * A * A ~ A T A T T A ~ Q O A C * * T  

from McGrath er al. (10). The ......a................................. 
viral sequence (v) is from Tsu- 
chida er al. (11). The G -+ A mutation in the transformant clone and change of glyc~ne to aspartic acid in the 12th coding position are shown. The 
two sequences were otherwise identical over the entire region shown. For the best match between human and mouse sequences, a one-base gap 
has been inserted in the mouse sequence 30 bases upstream from the first methionine. 

Hind 111 fragment containing the first 
exon was replaced with its counterpart 
from the normal clone (Fig. 2), the trans- 
formation efficiency dropped to unde- 
tectable values, indicating that the tu- 
mor-derived first exon carries the ability 
to transform. 

These constructs raise the possibility 
of exon exchange among the ras genes 
not only between K-ras and H-ras but 
also between mouse and human. More- 
over, with the hybrid construct pBKT- 
142 that transforms 3T3 cells very effi- 
ciently, we were able to locate the ap- 
proximate 5' end of the gene. Pvu II- 
digested plasmid retains its transforma- 
tion ability, while Sst 11-digested plas- 
mid loses it, indicating that the 5' end 
must be located between these two sites 
(see Fig. 1B). 

Our next step was to determine the 
primary structure of the first exon. We 
therefore compared the sequences of the 
first exons of the human gene (lo), the 
transformant mouse clone, the normal 
gene from brain DNA of the same ani- 
mal, and the Kirsten sarcoma virus gene 
(11) (Fig. 3). We found only a single base 
difference between the normal and trans- 
formant clones derived from the same 
mouse. This difference was in the second 
base of the triplet coding for amino acid 
12, changing glycine to aspartic acid. 
The brain contained the normal se- 
quence coding for glycine, showing that 
the mutant tumor gene arose somatically 
and was not a heritable germ-line vari- 
ant. Compared with the mouse gene, the 
human gene had ten base differences, 
none of which affected the amino acid 
sequence of the p21 protein. Seven of 
these ten differences were in the last 
third of the exon. The disparity in the 
conservation of the sequences upstream 
and downstream from the coding region 

was striking. While downs'tream only 
four bases were identical between the 
human and mouse genes, 59 of the first 
67 bases upstream were identical [the 
known 5' splice point is located in hu- 
mans 11 bases upstream from the me- 
thionine (lo)]. This degree of conserva- 
tion, which is unusual for intronic se- 
quences, suggests that the sequences 
have a regulatory role and have therefore 
been fixed in evolution. The remarkable 
A-T richness of this region might be 
considered in this context. We might 
otherwise speculate that the first exon 
has an alternative splicing expanding 5' 
up to 65 bases beyond the methionine 
codon. 

Only one protein-coding exon in the 
fragment confers on the hybrid construct 
the ability to transform 3T3 cells, and we 
found a single base difference between 
active and inactive forms of the exon. 
This finding together with evidence in 
other systems that mutations in the co- 
don for the 12th amino acid are causally 

related to the ability of ras genes to 
become activated (6), supports the claim 
that the substitution of glycine for aspar- 
tic acid is responsible for activating this 
mouse K-ras oncogene derived from a y- 
radiation-induced lymphoma. 

Since we had cloned the activated K- 
ras gene exon from a transformant and 
not directly from tumor X, we wanted to 
demonstrate the presence of the muta- 
tion in the original tumor DNA used to 
produce the transformed foci. Figure 3 
shows that no useful restriction enzyme 
recognition sites were affected by the 
point substitution in the activated K-ras 
gene that we had cloned. We therefore 
used the technique of differential hybrid- 
ization with a single mismatch (14). 

We prepared a "nineteenmer" com- 
plementary to the transformant se- 
quence. The oligonucleotide was cen- 
tered in the second base of the 12th 
codon. Figure 4A shows a reconstruc- 
tion experiment in which we used in- 
creasing amounts of the cloned DNA's 

Fig. 4. Detection of the point mutation with a A 
synthetic oligonucleotide. DNA's were di- 
gested with Hind 111 and Pst I, run in a 1 
percent agarose gel, hybridized, and washed 
according to Kidd er al. (14) with the follow- 
ing modifications: the filter was washed for 1 
hour at room temperature, 5 minutes at 60°C, 
and 1 minute at 63°C. Autoradiograms were B a , 
exposed for 3 days. Molecular weights are in - v%-- kilobases. The sequence of the oligonucleo- I 2 l 

tide (Chemgenes) used in these experiments is I ). 
5'-TTGGAGCTGATGGCGTAGG-3'. (A) Re- 
construction experiment: lanes a ,  c, and e 1.8-1 
contain DNA from the phage XMKN-142 and 
lanes b, d, and f DNA from XMKT-142. Lanes 
a and b, 100 ng of DNA; lanes c and d, 10 ng; 
lanes e and f, 1 ng. (B) Lanes a and b contain 5 . . - .  
ng of XMKN-142 (normal) and XMKT-142 
(transformant) respectively. The other lanes 
contain 20 pg of the following genomic DNA's: lane c, NIH 3T3; lanes d and e, two 
independently derived 3T3 primary transformants from tumor X; lane f, brain from the mouse 
that developed tumor X; lane g, tumor X. 



from the brain and the transformant. 
Even at the equivalent of 100 gene 
copies, there was no detectable signal in 
the normal DNA. but the transformant 
band hybridized strongly with the probe 
(Fig. 4A, lane d). Using these conditions, 
we compared DNA's from primary 
transformants and the parent 3T3 cells, 
and tumor X and the brain from the same 
animal. As we reported earlier (2), in the 
transformants the activated K-ras onco- 
gene was amplified three to five times. It 
showed a strong band of 1.6 kb (Fig. 4B, 
lanes d and e). The appearance of the 
band could not be due to the increased 
number of normal gene copies, because 
even 100 copies of the normal gene gave 
no signal under these conditions. More 
important, we obtained evidence that the 
mutation in the transformant (Fig. 3) was 
also present in the original tumor from 
which it was obtained (Fig. 4B, lane g). 
As expected from the sequence in Fig. 3 ,  
DNA from the brain of the same animal 
did not hybridize under these conditions. 
The lower bands appearing in all lanes 
with genomic DNA's (Fig. 4B, lanes c to 
g) showed that approximately equal 
amounts of DNA were loaded in each 
track. 

The presence of the mutation in DNA 
obtained directly from tumor X rules out 
the possibility of a mutation during 
DNA-mediated gene transfer (15). Its 
absence from brain DNA again confirms 
that the mutation was not genetically 
inherited but arose de novo in the tumor. 
Two out of the other three remaining 
positive tumors had the same mutation 
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G -+ A in the second base of the 12th 
codon (data not shown). We have not yet 
determined the alteration in the fourth 
positive tumor. 

Genes of the ras family activated by A Novel Nuclear Form of Estradiol Receptor in MCF-7 
somatic point mutations have been re- 
ported in a variety of human tumors (6, 
9, lo), and it has been possible to link a 
genetic alteration in human tumors with 
a functional assay that transforms cells 
to the oncogenic phenotype. Ionizing 
radiation causes the formation of strand 
breaks in DNA, the release of bases from 
the DNA backbone, and modification of 
the bases themselves (16). The carcino- 
genic effect of the radiation is thought to 
be due to these DNA alterations or to the 
subsequent DNA repair mechanisms. 
Radiation has long been implicated in the 
generation of tumors in humans and ex- 
perimental animals (17). We have now 
shown that at least three radiation-in- 
duced lymphomas have in their DNA's a 
point mutation that is able to activate 
normal ras genes so that they can trans- 
form rodent fibroblasts into tumorigenic 
cells. This does not demonstrate that ras 
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Abstract. Nuclear estrogen receptor from MCF-7 cells undergoes a time-depen- 
dent, hormone-inducible transformation to a form that is less extractable from nuclei 
and less exchangeable with ligand. This receptor-modifying, intranuclear event is 
independent of receptor loss (processing) and appears associated with hormone 
responsiveness (progesterone-receptor induction) in these cells. The magnitude of 
receptor loss, however, is variable and apparently not a prerequisite for hormone 
action to induce progesterone receptor. 

After treatment of MCF-7 human 
breast cancer cells with estradiol (E2), 
translocation of estradiol-receptor com- 
plexes (ER) is followed by processing, a 
time-dependent irreversible decline in 
the amount of nuclear ER (I). Within 3 to 
5 hours, the number of ER's has fallen 
by about 70 percent, and a new steady- 
state level is reached. Receptor process- 
ing in MCF-7 cells correlates with estro- 
gen induction of progesterone receptor 
(PR) (2). A similar depletion in receptor 

sites is seen in rat uterine cells (3). 
Processing appears to be a prerequisite 
for estrogen stimulation since it is either 
impaired or blocked entirely in the pres- 
ence of antiestrogens. R3, an estrogen- 
independent variant subline of MCF-7, 
shows no receptor processing, does not 
respond to estrogens, and has no detect- 
able PR inducible by E2 (1, 4). The 
molecular mechanism and the precise 
correlation of this event with hormone- 
regulated effect in MCF-7 cells remains 
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