
beam was directed into a Zeiss Standard microscope 
via a sidearm tube and focused onto the specimen 
with a Plan lOOx objective. Each cell to be killed 
was irradiated a number of times until there was 
visible bubbling. Animals were examined by No- 
marski microscopy on the day after the laser treat- 
ment to confirm the loss of the ablated cells. 

10. M. Chalfie, J. N. Thomson, J. E. Sulston, Science 
221, 61 (1983). 

11. The procedures used for laser microsurgery on 
embryos were described in J. E. Sulston, E. Shieren- 
berg, J. G. White, J. N. Thomson,Dev. Bwl. 100,64 
(1983). Both of the ALM-BDU precursors divide 
430 minutes after the first cleavage of the embryo, 
approximately the time when the animal begins to 
move within the egg. These movements make iden- 
tification and ablation of the BDU cells difficult. To 
avoid this difficulty, the ALM-BDU precursor on 
the right side was killed before it divided. The egg 
was then reoriented so that the left side was upper- 
most and observed with Nomarski optics. When the 
ALM-BDU precursor on the left had divided, the 
posterior daughter (BDUL) was killed. The result- 
ing animals were touch-sensitive upon hatching, an 
indication that the ALML had formed appropriate 
synapses in the nerve ring. 

12. M. Chalfie et al., J. Neurosci. 5, 956 (1985). 
13. M. Chalfie, H .  R. Horvitz, J. E. Sulston, Cell 24,59 

(1981); J.  E. Sulston, personal communication. 
14. Five animals (four adults and one L4 stage larva) in 

which the BDU cells had been killed at hatching 
were fixed and embedded for electron microscopy as 

described in M. Chalfie and J. N. Thomson, J. Cell 
Biol. 82, 278 (1979). Serial sections (106 to 132) 
covering the region of the nerve ring from the 
excretory pore anterior to the branches of the ALM 
cells (a distance of approximately 10 km) were 
examined in a JEOL 1200 microscope. [AVM nor- 
mally branches 1 to 2 km anterior to the excretory 
pore (6).] The AVM and ALM touch cells were 
identified by their characteristic large-diameter mi- 
crotubules. 

15. J. J.  M. Chun, M. J. Nakamura, C. J. Shatz,Nature 
(London) 325, 617 (1987). 

16. J. G. White, E. Southgate, J. N. Thomson, S. 
Brenner, cold Spring ~ a F b o r  $mp. Quant. Bwl. 48, 
633 11983). 

17. The Autant strain CB3241 [clr-1 (e1745)l was used 
in these experiments. Mutant animals appear to 
become intrinsically starved in appearance when 
shifted overnight from 15" to 25°C; under these 
conditions many neuronal processes are easily seen 
(E. Hedgecock, personal communication). 

18. We thank J. E. Sulston who initiated our thinking 
on this project, M. Finney for providing us with the 
unc-86(n848) mutant, C. Masuoka and D. Hall for 
assisting in the electronic microscopy, and E. Bergh- 
olz for art work. Supported by a grant from the 
Muscular Dystrophy Association, a U.S. Public 
Health Service grant (GM 30997 to M.C.), and an 
NIH postdoctoral fellowship (W.W.W.). 

23 July 1987; accepted 31 December 1987 

The rm Oncogenes Increase the Intrinsic Resistance 
of NIH 3T3 Cells to Ionizing Radiation 

Identification of genes that function to protect cells from radiation damage is an 
essential step in understanding the molecular mechanisms by which mammalian cells 
cope with ionizing radiation. The intrinsic radiation resistance (Do) of NIH 3T3 cells 
was markedly and significantly increased by transformation with ras oncogenes 
activated by missense mutations. This radiobiologic activity appeared to be a specific 
consequence of the ras mutations rather than of transformation, since revertant cells 
that contained functional ras genes (but were no longer phenotypically transformed) 
retained their increased Do's. 

C ELLS HAVE DEVELOPED MULTIPLE 

biochemical mechanisms to protect 
the integrity of their DNA from 

damage by ionizing radiation, to which they 
are constantly exposed. While these molecu- 
lar mechanisms are not well understood in 
mammalian cells, identification of genes in- 
volved in conferring radiation resistance 
should prove a useful step in understanding 
the hdamental nature of the radiation 
response. Increasing environmental expo- 
sure and extensive medical uses of radiation 
in diagnosis and cancer therapy make under- 
standing these processes of considerable 
medical importance. 

Efforts to identify genes affecting radia- 
tion response have focused on genes coding 
for DNA repair enzymes (1) because the 
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lethal effects of ionizing radiation in the 
clinically relevant dose range appear to be 
due primarily to DNA damage. Genes cod- 
ing for repair of ultraviolet-induced DNA 
damage have been isolated and identified 
(2). Our working hypothesis was that varia- 
tions in expression or structure of genes that 
directly or indirectly regulate repair and 
other vital cellular processes may also signifi- 
cantly affect radiation response. Certain on- 
cogenes might affect response to cancer 
therapeutic agents such as ionizing radia- 
tion, since abnormalities of rm and myc 
oncogenes have been associated with poor 
cancer prognosis, and radioresistant cell 
lines (3) and their normal cellular homologs 
appear to play fundamental roles in regula- 
tion of other aspects of cellular growth and 
proliferation (4). Furthermore, a cell line 
transformed by rm was recently shown to 
have a Do greater than that of the parental 
cell line, although a causative role for the 

exogenous rm gene could not be established 
(5).-1n the present work, we assessed the 
role of rm genes, the oncogene family most 
commonly associated with human tumors 
(4), in inducing resistance to ionizing radia- 
tion. 

To minimize the inherent difficulties of 
distinguishing the effects of specific genes 
among different cell lines (6), we evaluated 
the effect of each oncogene by first adding it 
to the same NIH 3T3 subline by transfec- 
tion, then determining the radiation survival 
curve of the transfected cell lines by clono- 
genic survival curve assays. NIH 3T3 cells 
were selected because they can be readily 
transfected and transformed bv rm and sev- 
eral other oncogenes (4) and because they 
have a radiation survival curve similar to that 
of many human tumor cell lines (6). 

An NIH 3T3 cell line, a Kirsten murine 
sarcoma virus-transformed NIH 3T3 cell 
line (DT) containing two copies of the virus 
gene (7, and two transformation-revertant 
cell lines derived from DT (7) were obtained 
from R. Bassin (NIH). The NIH 3T3 cells 
used for all transfections were obtained from 
D. Lowy (NIH) as was NN 192, an NIH 
3T3 cell line transformed by transfection 
with an overproducing rat C-H-rm protoon- 
cogene that had been transformationally ac- 
tivated by linkage with a retroviral long 
terminal repeat (LTR) [constructed as in 
(8)]. NIH 3T3 cells were transfected by the 
calcium phosphate precipitation technique 
(9, 10) with either genomic DNA contain- 
ing human c-H-rm [EJ bladder cancer ( l l ) ]  
or N-rm [Hodgkin's disease (10) and HL60 
leukemia (12)] or cloned oncogenes, includ- 
ing c-H-rm (pUCEJ6.6) (13), v-H-rm (8), 
and v-@s (14). Transformed cells had previ- 
ously been cloned and tested for the ability 
to grow in soft agar and for the presence of 
the transfected gene by DNA hybridization 
analysis (9, 10). ~ e v k ~  of expression was 
determined by dot-blot analysis (10). De- 
tailed descriptions of the transformed cell 
lines have been presented (9). With the 
exception of the im protooncogene in NN 
192, all rm genes were activated by missense 
mutations at codon 12 or 61 (9-14). 

The effect of ras genes bearing missense 
mutations on radiation survival is shown in 
Fig. 1 and Table 1. All cell lines transformed 
with rm genes that had been activated by a 
missense mutation showed a large increase 
in intrinsic radiation resistance (Do; the 
slape of the single dose radiation survival 
curve as compared to untransformed NIH 
3T3). This change was significant at 
P < 0.005 bv t test (Table 1). 

There were no significant differences 
among rm genes in their effect on Do regard- 
less of the type of rm gene (H, K, or N; viral 
or cellular), the site of activating mutation, 
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the means of introducing the rm gene (infec- 
tion or transfection), or whether the ras 
gene was introduced as genomic DNA or as 
a gene molecularly cloned in a plasmid. The 
Do did not increase with the number or level 
of expression of rm gene copies in a cell, 
since the HSV 3A cell line, which contains 
20 to 50 copies of v-H-rm (9) and compara- 
bly elevated messenger RNA levels, had a 
Do similar to those o f  cell lines containing 
two copies [DT (7)] or two to ten copies (9, 
10). 

These experiments demonstrate that: (i) 
the presence of missense mutation-activated 
rm was sufficient to significantly alter the 
radiation survival curve of NIH 3T3 cells in 
a characteristic fashion; (ii) non-ras human 

genes that might be present in the secondary 
and tertiary transformants from HL60 and 
the other human tumors were not responsi- 
ble for increasing the Do of NIH 3T3, since 
cloned rm genes had the same effect on Do; 
and (iii) specific sequences in the transfect- 
ing plasmids or viral LTR sequences were 
not necessary for increased Do, since geno- 
mic DNA containing missense mutation- 
activated rm genes also conferred the same 
effect. In addition, the shoulder of the sur- 
vival curves (represented by n, the extrapola- 
tion number) was noticeably less in cells 
transformed by mutation-activated rm than 
in untransformed NIH 3T3 cells. While this 
difference is statistically significant 
(P < 0.01), its biological significance in 

Fig. 1. Clonogenic radiation survival curves for 
NIH 3T3 cells and NIH 3T3 cells transformed by 
missense mutation-activated ras genes. Cell lines 
were maintained in exponential growth in Dul- 
becco's modification of Eagle's minimal essential 

1 .o medium with high glucose and 10% fetal bovine 
serum, 2 m M  glutamine, and sodium pyruvate 
(Dl0 medium). Single cell suspensions were irra- ,! 
diated in isotonic phosphate-buffered saline 
(PBS; pH 7.4) under euoxic conditions in 15-1111 
Corning centrifuge tubes with a Theratron 80 .r 
60Co unit; a lateral field in a specially constructed ,5 
Lucite block holder was used. Water was kept in 2 o,l 
the bottom of the holder to eliminate the air gap 
at the conical end of the tube. Dose calculations 
were confirmed by thermoluminescent dosimetry. 
Immediately after irradiation, cells were plated in 
triplicate at 100 to 10,000 cells per 60-mm dish in 
D10. After 8 to 10 days, the plates were fixed and 
stained in 70% methanol with 1% methvlene 
blue; colonies containing >50 cells were scbred. 0.01 ' ' ' ' I 

I I I 

Survival curves were plotted as the log of the 0 100 200 300 400 500 600 

survivine fraction of cells versus the radiation Radiation dose (cGy) 
" 

dose. Experimental points are plotted as the mean + SE (where greater than the symbol size) of 12 
(NIH 3T3) or 23 (ras) separate experiments. The closed circle represents data pooled from survival 
curves of all the different ras oncogenes tested. Statistical significance was determined by t test. There 
were no statistically significant differences among the D,'s among any of the ras missense mutation- 
transformed cell lines (P > 0.2). 

Table 1. Radiation survival of NIH 3T3 cells transformed by oncogenes. Do and n were calculated by 
linear regression of the means of triplicate experimental points taken from 3 to 23 separate experiments. 
All numbers represent the mean + SE. Data were obtained from one or more cell lines derived by 
independent transfections, as shown. There were no significant differences (P 3 0.2) among the cell 
lines pooled. To rule out the possibility that non-ras sequences were responsible for the effects, cell lines 
transformed with either cloned ras genes or genomic DNA from ras-containing human tumor cells (10- 
14). Tertiary transfectants were assayed. 

NIH 3T3 cells 

Num- Do ( ~ G Y )  Extrapolation 
ber of Transformed with number (n) 

cell lines 

these cells is uncertain. It will be necessary to 
determine whether rm genes affect repair of 
sublethal DNA damage as suggested by 
changes in n (15). 

Since radiation resistance was induced by 
genes introduced by infection (the v-K-rm 
gene in the DT cell line) as well as by 
transfection, DNA perturbations caused by 
the transfection process seemed unlikely to 
be the cause of the rm effect. As expected, 
there was no significant difference (P  > 0.2) 
among survival curves of NIH 3T3 cells, 
NIH 3T3 cells transfected with pSV2ne0, 
and human genomic DNA not containing 
transforming rm genes (1 6). 

Malignant transformation involves many 
~ellular~chan~es.  Thus, it was necessary to 
rule out the possibility that the increased 
radiation resistance was a nonspecific conse- 
quence of transformation. W; did this by 
determining the survival curves of NIH 3T3 
cells transformed with an unrelated onco- 
gene, v-fins, and of a cell line transformed 
with a-c-H-rm protooncogene that had " 
been transformationally activated by linkage 
with a Moloney retrovirus LTR. NIH 3T3 
cells transformed by these genes had survival 
curves very different from those of missense 
mutation-activated ras transformants (Fig. 
2 and Table 1). The DO'S of these cell lines 
ranged from 90 to 110 cGp, meaning that 
they had markedly less intrinsic resistance to 
ionizing radiation than NIH 3T3 and far 
less th& cells transformed with the activated 
rm genes. As only a few cell lines trans- 

- 
c-H-ras (genomic DNA) 
c-H-ras (cloned DNA) 
v-H-ras (cloned DNA) 
N-ras (genomic DNA) 
v-K-ras (DT cell line)" 
v-K-ras (transformation revertants of DT) 
c-H-ras protooncogenet 
v-fins (cloned DNA) 

*Cells transformed by infection with Kirsten sarcoma virus (7). tTransformationally activated by linkage to a 
Molonsy virus LTR (8). 

Radiation dose (cGy) 

Fig. 2. Clonogenic radiation survival curves for 
NIH 3T3 cells transformed by missense mutation 
ras genes (0)  and by a composite of two cell lines 
transformed by v-j-k and one cell line trans- 
formed by a retrovirus LTR-activated C-H-ras 
protooncogene (A). The Do's of cell lines trans- 
formed by v-@ and by the LTR-activated H-ras 
protooncogene were similar to each other 
(P > 0.2) and differed significantly (P < 0.001) 
from the Do's of the ras transformants. 
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formed by v-jns and the H-ras protoonco- 
gene gene have been examined thus far, no 
firm conclusions can pet be drawn as to the 
ability of these genes to affect radiation 
response in a gene-specific way. Neverthe- 
less, this strikingly different radiation resist- 
ance of cells transformed with these genes 
indicates that the effect of ras oncogenes was 
not just an incidental consequence of trans- 
formation. 

Survival curves of two cell lines (KR-F2 
and KR-C11) that were transformation re- 
vertants of D T  were analyzed to determine 
whether the effect of ras oncogenes required 
the transformed phenotype. They were no 
longer phenotypically transformed, but still 
contained the active ras gene and still pro- 
duced the mutant protein (7). The compos- 
ite results of the radiation survival curves on 
these cells are shown in Table 1. The Bassin 
NIH 3T3 line and the DT transformant (v- 
K-ras) behaved radiobiologically like their 
Lowy NIH 3T3 and mas-transformed coun- 
teruarts. However, the revertants still 
showed the increased intrinsic resistance of 
the other missense mutation ras transfor- 
mants. Thus, the presence of the mutated ras 
protein appears to be sufficient to increase 
intrinsic resistance, whether or not the cell is 
morphologically transformed. 

The magnitude of these differences in Do 
caused by single genes is remarkable. The 
total reported range of intrinsic resistance 
for mammalian cells irradiated under similar 
(euoxic, exponential growth) conditions 
that do not, like ataxia telangiectasia cells, 
have serious DNA repair defects (17) is 
about 80 to 250 cGy (6). Thus, adding 
single genes to NIH 3T3 can cause increases 
or decreases in Do that encompass a substan- 
tial fraction of the total known range of 
mammalian cell Dis .  

These results indicate that genes whose 
protein products are in and around the cell 
membrane can have major effects on a pre- 
dominately nuclear process, specifically the 
ionizing radiation response of mammalian 
cells. These cell membrane-associated pro- 
teins cannot have a direct DNA repair hnc-  

tion, nor are they in the right place to 
scavenge free radicals in the nucleus, another 
mechanism known to affect radiation re- 
sponse. Their effect must be indirect, per- 
haps causing the induction or repression of 
genes coding for specific nuclear molecules 
involved in free radical scavenging or DNA 
repair, or altering DNA or chromosomal 
conformation in a way that affects access of 
repair enzymes to damaged DNA. 

Another possible indirect effect might be 
through cell cycle modification since radia- 
tion resistance varies considerably in differ- 
ent stages of the cell cycle (18). Growth 
curves and flow cytometry data for cell cycle 
analysis were obtained from the following 
cell lines, which were used in Table 1: both 
NIH 3T3 cell lines, four ras-transformed 
lines [representing c-H-ras (genomic; EJ), 
v-H-ras, N-mas (genomic; HL60), and v-K- 
ras (Kirsten virus-transformed)], two lines 
transformed by jns, and one line trans- 
formed by the c-H-ras protooncogene. No 
correlation between Do and any cell cycle 
parameter was observed (19). The mean cell 
cycle length (15 to 16  hours), phase distri- 
bution, and absolute time in radioresistant 
or radiosensitive cell cycle phases (S and 
G21M, respectively) was similar for NIH 
3T3 and for cells transformed by either ras 
or fins. For example, the v-H-ras-trans- 
formed Lowy NIH 3T3 cell line (S, 9%, 1.6 
hours; G2/M, 27%, 5.6 hours) differs little 
from the Lowy NIH 3T3 (S, lo%, 1.6 
hours; G2/M, 30%, 5.4 hours), although its 
Do is -50% higher (205 cGp as compared 
to 141 cGy). Furthermore, no ras-trans- 
formed cell line (Do - 230 cGy) had a 
higher S:G2/M ratio than the v-fins-trans- 
formed cells (Do - 105). 

These findings are, at this time, limited to 
NIH 3T3 cells irradiated in vitro under 
specific conditions. Nevertheless, ras genes 
are ubiquitous in mammalian cells (4), sug- 
gesting a potentially broader applicability of 
these findings. For example, if human tu- 
mors are similarly affected by activated mas 
and perhaps other oncogenes, then their 
presence or aberrant expression may help 

predict whether a patient's tumor will re- 
spond to ionizing radiation. Greater under- 
standing of the mechanism by which these 
genes induce radiation resistance may even- 
tually permit us to minimize tumor cell 
resistance to ionizing radiation and thus 
improve our ability to treat cancer. 
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