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Abstract The enormous problem that is lung cancer still defies satisfactory therapeutic strategy. This article summarizes 
some of the more important laboratory efforts directed at understanding the biology of this complex disease. The radiation 
sensitivities of established lung cancer cell lines are outlined. The effect of radiation dose rate and chemotherapy is explored. The 
emerging biology of oncogenetic alterations is explored as it relates to radiation sensitivity in general, and lung cancer in 
particular. Finally, novel therapeutic approaches including photodynamic therapy are introduced. 
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The worldwide incidence of lung cancer contin- 
ues to  rise, such that between the United States 
and Europe, over 300,000 new cases are ex- 
pected per year, and some 260,000 of these 
patients will die of their disease. Despite major 
advances in the understanding of the biology of 
lung cancer, no significant improvement in the 
survival has occurred in the past two decades. 
Human lung cancers are generally divided into 
two major classes: small-cell lung cancer (SCLC) 
and non-small cell lung cancer (NSCLC), which 
includes adenocarcinoma, epidermoid carcinoma, 
and large cell carcinoma [1,21. Distinctions be- 
tween these two classes have been based on 
clinical, histologic, biochemical, and chromo- 
somal properties [1,3-61. Whilst the best hope 
for survival in NSCLC is surgical resection of 
early stage lesions, SCLC is generally responsive 
although rarely cured by cytotoxic therapies, 
including chemotherapy and radiation therapy. 
Despite the poor overall results, there is obvious 
heterogeneity in the response of lung cancer 
patients to cytotoxic therapies. The variability 
in this response probably has many causes. Over 
the past two decades a systematic study of the 
biologic properties of lung cancer cells has led to 
a dramatic increase in our understanding of this 
complex problem. Important amongst these 
studies has been the use of fresh tissue and 
established tumor cell lines from patients with 
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lung cancer in the investigation of radiation 
sensitivity and resistance. The following is a 
summary of the radiation biology of these cell 
lines. 

RADIATION SENSITIVITY 
OF LUNG CANCER CELL LINES 

The use of cell lines to establish radiation 
sensitivity dates back to the classic work of 
Theodore Puck who used the cervical carcinoma 
cell line (HeLa) to report the first mammalian 
X-ray survival curve [71. Over the past decade or 
more, numerous investigators have reported on 
the in vitro radiation response of human tumor 
cell lines for a variety of malignant conditions 
[8-161. The major advantages of using estab- 
lished human cell lines for such assays include 
the availability of large numbers of cells to per- 
form survival, biochemical, cytogenetic, and mo- 
lecular studies, as well as reproducibility and 
generally acceptable cloning efficiencies [ 151. 
Such studies have confirmed a heterogeneity of 
in vitro response which often parallels the behav- 
ior of these diseases in the clinic. To illustrate 
this, the radiation survival curves for estab- 
lished cell lines of six different histologic types of 
lung cancer are shown in Figure 1A. The most 
striking feature observed amongst these curves 
is the variation in the initial shoulder as well as 
the terminal slope of the different lines, indica- 
tive of a differential cell survival. The mean 
surviving fraction at 2 Gy, thought to be a 
reliable indicator of radiation sensitivity, is dis- 
played in Figure 1B and also demonstrates the 
heterogeneous response amongst the differing 
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Fig. 1. A: Clonogenic cell survival assay for six different lung 
cancer cell lines as a function of radiation dose. Survival curves 
illustrate differing radiation sensitivities for the different histolo- 
gies. The Dos quoted in the text are representative of the 
terminal slope of the curves, whilst the extrapolation number 
(ti) gives an estimate of the size of the initial shoulder. B: The 

histologies. A summary of the radiation survival 
curve parameters for selected lines evaluated 
from the NCI lung cancer cell panel [171, as well 
as the work of other investigators, confirms this 
heterogeneity and suggests that the response of 
lung cancer cell lines can be considered in three 
groups. Group 1 includes “classic” SCLC lines 
with Do s in the range of 0.76-1.24 Gy and 
extrapolation numbers (ii) in the 1.0-2.0 range. 
These were clearly the most radiosensitive. Both 
large cell carcinoma and “variant” SCLC lines 
could be considered as belonging to Group 2, 
with Dos of 0.76-1.5 Gy and rather large ii 
values of 4.6-17.7. Group 3 consists of the adeno- 
carcinoma lines with Dos in the 1.0-1.4 Gy and ii 
of 1.2-6.8. Somewhat surprisingly, mesothe- 
lioma cell lines tested appeared radiosensitive 
with low n in the 1.0-1.8 range and Do 1.3-1.86 
Gy, whereas the clinical experience with this 
tumor would suggest a more radioresistant re- 
sponse. 

Therefore the question may be asked, are the 
intrinsic radiation sensitivity values (n, Do, SF 2 
Gy) of these cell lines generally predictive of 
clinical responsiveness or curability? Weichsel- 
baum and his colleagues in studies of cell lines 
from a variety of malignancies found little or no 
correlation, while the data from the studies of 
lung cancer lines would appear predictive [15- 
171. Classic SCLC is definitely responsive to 
radiation treatment in the clinic although rarely 

surviving fraction at 2 Cy for 22 lung cancer cell lines. Results 
are taken as the mean of the number of cell lines (n) for each 
histology: Classic SCLC (n = 5); variant SCLC (n = 3); adeno- 
carcinoma (n = 4); squamous cell (n = 2); adenosquamous 
(n = 3); large cell (n = 3); mesothelioma (n = 2). Data adapted 
from [I 71. 

cured owing to its capacity for systemic spread 
[HI. Variant SCLC and NSCLC are clinically 
less responsive to radiation. Cell lines from re- 
sponsive SCLC patients are characterized by 
low n values (1.0-2.0) and low SF 2 Gy values, 
whilst cell lines from variant SCLC or large cell 
NCSLC tend to have larger n values (4.6-17.7) 
and higher SF 2 Gy values. A large shoulder on 
the survival curve (or high ii value) implies a 
considerable capacity for the repair of sublethal 
damage caused by the radiation, and thus a 
greater cell survival. Additionally, for a clini- 
cally relevant radiation dose of 2 Gy, the surviv- 
ing fraction will usually be greater for those cell 
lines having a higher ii value [171. The absence 
of a shoulder on the SCLC cell lines has impor- 
tant dose-rate implications to be discussed below. 

ONCOGENES AND RADIATION SENSITIVITY 

Over the past decade there has been an explo- 
sion in our understanding of the molecular and 
genetic events important in the biology of lung 
cancer [191. Initial studies focussed on the ampli- 
fication and/or overexpression of members of 
the myc family of oncogenes (e.g., c-myc, N-myc, 
and L-myc). Such alterations were predomi- 
nantly noted in SCLC [20-221. Oncogene ampli- 
fication was more commonly found in estab- 
lished cell lines rather than freshly harvested 
tumor, and especially so in specimens from 
heavily pre-treated patients. C-myc amplifica- 
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tion was particularly noted in variant cell lines 
of SCLC [231. In addition, with transfection of a 
c-myc gene into a classic SCLC line not initially 
expressing c-myc, the transfected (and now over- 
expressing) c-myc cells take on the growth and 
morphologic characteristics of the c-myc ampli- 
fied SCLC lines [241. Recently another onco- 
gene, c-jun has been identified at high levels in 
both SCLC and NSCLC. The c-jun product ap- 
pears to be a transcription factor and may exert 
tumor promoting effects [251. In NSCLC, the 
ras family of oncogenes has been associated, 
particularly with adenocarcinoma 126-291. In 
one recent study, K-ras oncogene activation was 
shown to be an independent prognostic marker 
in adenocarcinoma of the lung [301. Further- 
more, experimental studies have shown that 
transfecting mutated ras gene into a SCLC cell 
line, changes its phenotype to one suggesting 
NSCLC [31]. Further recent work has identified 
alterations in the tumor suppressor gene (p53) 
on chromosome 17 as the most frequent genetic 
change in lung cancer [32-361. This important 
finding in the majority of cases of lung cancer 
thus far studied, allows the potential for excit- 
ing novel therapeutic approaches such as gene 
transfer to be evaluated in the future. 

Can specific genetic alterations be shown to be 
associated with radiation resistance? Abnormali- 
ties of ras and myc oncogenes have been associ- 
ated with poor cancer prognosis and radioresis- 
tant cell lines 115-391. Similarly the raf oncogene 
family has been implicated in radiation resis- 
tance [40,411. A cell line transformed by ras was 
shown to have a Do greater than the parent line 
when irradiated at standard, though not at low 
dose rates [421. Sklar transfected mutated ras 
oncogenes into NIH 3T3 cells and significantly 
increased the intrinsic radioresistance (Do) [43]. 
McKenna and colleagues using a primary rat 
embryo cell (REC) model, suggested that trans- 
fection with H-ras oncogene alone conferred little 
alteration in radiation resistance; whereas, the 
presence of a co-transfected cooperating onco- 
gene (v-myc) induced a dramatic increase in 
radioresistance [44-461. However, these results 
need to be interpreted with caution, since trans- 
fection of REC and human cell lines with non- 
oncogenic DNA sequences alone (pSV2ne0, en- 
coding only for neomycin resistance) and 
subjecting them to subsequent clonal selection, 
can also yield clones with increased resistance to 
radiation [471. Likewise, considerable heteroge- 
neity in radiation response exists among differ- 

ent clones of the NIH 3T3 cells as used by Sklar, 
such that when ras, raf, and myc genes were 
transfected, no clear modification of radiation 
sensitivity was attained when compared with 
the non-transfected parent lines [48]. It is clear 
therefore that although the use of cell lines 
expressing different genetic features is an impor- 
tant mode of evaluating radiation sensitivity 
and resistance, caution must be used in inter- 
preting these early results. Further work clarify- 
ing the role of clonal heterogeneity in radiation 
response is required. 

DOSE RATE EFFECTS AND LUNG CANCER 

It has long been known that dose rate is an 
important determinant of mammalian cell sur- 
vival in response to radiation [49-511. Clinical 
and experimental studies have clearly shown a 
marked sparing effect in the lung as a result of 
fractionating radiation doses [52-541. This pro- 
cess is also known to occur during protracted 
lung irradiation at low dose rates [551. In vivo 
work in the mouse model showed a marked 
sparing effect of low dose rate irradiation in 
terms of the development of radiation pneumo- 
nitis [531. Lung carcinoma lines in culture ex- 
hibit a marked heterogeneity in response to 
varying dose rates, as shown in Figure 2. While 
NSCLC lines (NCI-H460 and A5491 show in- 
creased survival at low dose rates, the SCLC line 
(NCI-H69) shows no such variation in response. 
The absence of an initial shoulder on the SCLC 
acute dose radiation survival curve probably 
represents an inability to repair sublethal dam- 
age. Thus, it would be expected that the use of 
low dose rate irradiation (1-5 cGy/min) in SCLC 
would bring about cell killing equivalent to stan- 
dard/high dose rate irradiation (100-200 cGy/ 
min), with less toxicity to normal tissue (e.g., 
lung and esophagus). This strategy has been 
recently brought to clinical trial at  the NCI and 
early tumor responses are encouraging, with a 
suggestion of less acute toxicity. Should tumor 
response rates be equivalent to standard radia- 
tion responses, for example, with less acute 
esophageal toxicity, this might allow for the 
possibility of escalating the total radiation dose 
and/or treating greater tumor volumes. 

RELATIONSHIP OF RADIATION SENSITIVITY 
TO CHEMOSENSiTlVlTY 

The in vitro sensitivity of lung cancer cell 
lines to a large number of chemotherapeutic 
agents in common usage in the clinic has been 
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assessed [561. As is true of radiation sensitivity, 
there is a wide histologic variance in response. 
In addition, there was a strong correlation be- 
tween the prior treatment status of the patient 
and subsequent response. This in vitro assay of 
drug response seemed better able to detect tu- 
mor cell resistance than sensitivity. The sugges- 
tion is made in the clinical literature that pa- 
tients relapsing following initial chemotherapy 
seem to be less sensitive to radiation than de 
novo irradiated patients [571. Thus, we reviewed 
our data to see if any correlation exists between 
measured sensitivity to irradiation and chemo- 
therapy. Furthermore, since modulation in intra- 
cellular levels of glutathione has been shown to 
relate to the cells' ability to survive radiation as 
well as chemotherapeutic agents [58], we like- 
wise analyzed the data for any such association. 
We compared the radiation sensitivity of22 lung 
cancer cell lines as estimated by surviving frac- 
tion at 2 Gy (SF 2 Gy), with the inhibitory 
concentration (IC50) of the anthracycline, adria- 
mycin, and the alkylator, melphalan [17,56]. 
Figure 3 shows that there is little if any associa- 
tion between radiation sensitivity and the two 
drugs assayed in these cell lines. Generally it 
may be appreciated that classic SCLC and meso- 
thelioma cell lines show sensitivity to both, while 
NSCLC and the variant SCLC lines are rela- 
tively resistant to both. However, no strong 
correlation is seen in either case. Figure 4 looks 
for any association between glutathione (GSH) 
levels with radiation and chemosensitivity 
[17,56,591. Again, little correlation is noted, indi- 
cating that modulations of glutathione levels 
are not predictive of radiation, melphalan, or 
adriamycin response in these particular cell lines. 

PH OTOBIOLOGY AND PHOTODY N AMlC 
THERAPY OF LUNG CANCERS 

Given the aforementioned poor responses in 
lung cancer to standard treatment approaches, 
there is much need €or novel effective therapies 
in this disease. Several groups have evaluated 
photodynamic therapy (PDT) as possible treat- 
ment for lung cancer in various clinical situa- 

Fig. 2. CIonogenic cell survival assay illustrating the effect of 
low dose rate (1 cGyimin) vs. high dose rate (200 cGy/min). 
The upper two panels (AtW show the NSCLC cell lines A549 and 
NCI-H460. Marked survival advantage is seen at the low dose 
rates. The lowermost C shows the survival curves generated for 
the classic SCLC cell line NCLH69. No significant survival 
differences are seen between the low and high dose rates; note 
also the relative lack of an initial shoulder on the SCLC survival 
curve. 

tions [60-621. Despite increasing use of PDT for 
relief of endobronchial by primary and meta- 
static tumors [63,64], relatively little in vitro 
work had been done to evaluate this approach. 
Initial work with the NSCLC cell line A5497 

revealed substantial sensitivity of these cells to 
PDT. m i l e  neither sensitizer nor light alone 
were toxic, increasing cell kill was observed with 
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Fig. 3. The comparison between the radiation sensitivity (SF 2 
Gy) and the chemosensitivity (adriamycin, A; melphalan, B) as 
judged by IC50. Results are reported for 22 cell lines. The SF 2 
Gy and the ICs0 are taken as the mean of the cell lines assayed. 
The n for each histology is as shown in Figure 1. The correlation 
coefficients for A and B was 0.1 8 and 0.52, respectively. 

increasing concentrations of sensitizer, and with 
increasing sensitizer exposure times [65]. In 
addition, there was a suggestion that low light 
fluences were associated with increasing cell 
survivals, indicative of a possible dose rate ef- 
fect. This was further evaluated [661 and con- 
firmed with an enhancement ratio of 1.6, at the 
50% survival level. It should be noted, however, 
that there is no general acceptance of such an  
effect with PDT. Gomer et al. were unable to 
show a dose rate effect in their PDT system [671. 
Further work is required to clarify this ques- 
tion. Perry et al. evaluated a panel of six lung 
cancer cell lines and demonstrated a heteroge- 
neous response among the different histologys 
1681. The survival parameters revealed a range 
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Fig. 4. The comparison between glutathione (GSH) levels and 
radiation sensitivity (SF 2 Gy) (A), chemosensitivity (IC50) to 
melphalan (B) and adriamycin (C). Results are reported for 22 
cell lines. The SF 2 Gy and the ICs0 are taken as the mean of the 
cell lines assayed. The n for each histology is as shown in Figure 
1 .  The correlation coefficients for A, B, and C were 0.1 0, 0.49, 
and 0.62, respectively. 
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of responses, with extrapolation numbers (ii) in 
the 1.2-51.3 range, and Do ranging from 194- 
378 J/m2. Since little correlation is seen be- 
tween the differential histologic sensitivity to 
either chemotherapy or radiation, a distinctly 
different mechanism of cytotoxicity is likely. This 
suggests that PDT may be a potentially useful 
adjunct to  standard therapies with a complimen- 
tary mode of cell kill. 

SUMMARY 

The human lung cancer cell line panel devel- 
oped by the NCI-Navy Medical Oncology Branch 
has contributed much to our understanding of 
the radiobiology of lung cancer. Enhanced meth- 
odology allowing for the establishment of large 
numbers of cell lines from human cancers has 
provided a potent tool in the quest to under- 
stand malignancy, and design rational strate- 
gies for its eventual elimination. The yield in 
relevant biologic information has already been 
immense. This article has summarized those 
issues relating to  the radiation biology of lung 
cancer. As the complex molecular biology of 
these cell lines is further realized, our under- 
standing of radiation damage repair and the 
factors involved will have relevance not only for 
this disease, but for cell biology and the treat- 
ment of cancer in general. Much important work 
is yet to be done. 

REFERENCES 

1. Minna JD, Higgins GA, Glatstein E J  (1982): Cancer of 
the lung. In DeVitaVT, Hellman S, Rosenburg SA (eds): 
Cancer, Principles and Practice of Oncology, Philadel- 
phia, P A  Lippincott, pp 396-474. 

2. Matthews MJ, Gazdar AF (1981): Pathology of small 
cell carcinoma of the lung and its subtypes. A clinico- 
pathologic correlation. Lung Cancer 1 :283-306. 

3. Baylin SB, Abeloff MD, Goodwin G, Carney DN, Gazdar 
A F  (1980): Activities of L-dopa decarboxylase and di- 
amine oxidase (histaminase) in human lung cancer: The 
decarboxylase as a marker for small (oat) cell cancer in 
tissue culture. Cancer Res 40: 1990-1996. 

4. Gazdar AF, Carney DN, Russell EK, Sims HL, Baylin 
SB, Bunn PA, Guccion JG, Minna JD (1980): Establish- 
ment of continuous, clonable cultures of small-cell carci- 
noma of lung which have amine precursor uptake and 
decarboxylation cell properties. Cancer Res 40:3502- 
3507. 

5. Whang-Peng J ,  Bunn PA, Kao-Shan CS, Lee EC, Car- 
ney DN, Gazdar AF, Minna JD (1982): A nonrandom 
chromosomal abnormality, del 3p(14-23), in human 
small cell lung cancer. Cancer Genet Cytogenet 6: 119- 
134. 

6. Gazdar AF, Carney DN, Nau MN, Minna JD (1985): 
Characterization of variant subclasses of cell lines de- 

rived from small cell lung cancer having distinctive 
biochemical, morphological and growth properties. Can- 
cer Res 452924-2930. 

7. Puck TT, Markus PI (1956): Action of x-rays on mamma- 
lian cells. J Exp Med 103553-666. 

8. Barranco SC, Romsdahl MM, Humphrey RM (1971): 
The radiation response of human malignant melanoma 
cells grown in vitro. Cancer Res 31:830-833. 

9. Weichselbaum RR, Epstein J ,  Little JB, Kornblith PL 
(1976): In vitro cellular radiosensitivity of human malig- 
nant tumors. Eur J Cancer 12:47-51. 

10. Genveck LE, Kornblith PL, Burlette P, Wang J, Seiger 
D (1977): Radiation sensitivity of cultured human glio- 
blastoma cells. Radiology 127:231-234. 

11. Ohara H, Okamato T (1977): A new in vitro cell line 
established from human oat cell carcinoma of the lung. 
Cancer Res 37:308&3095. 

12. Weichselbaum RR, Nove J ,  Little JB (1980): Radiation 
response of human tumor cells in vitro. Radiat Biol 
Cancer Res 345-351. 

13. Weichselbaum RR, Greenberger JS, Schmidt A, Karpas 
A, Moloney WC, Little JB (1981): In vitro radiosensitiv- 
ity of human leukemia cell lines. Radiology 139:485-487. 

14. Fertil B, Malaise EP (1981): Inherent cellular radiosen- 
sitivity as a basic concept for human tumor radio- 
therapy. Int J Radiat Oncol Biol Phys 1:621-629. 

15. Carney DN, Mitchell JB, Kinsella TJ (1983): In vitro 
radiation and chemotherapy sensitivity of established 
cell lines of human small cell lung cancer and its large 
cell morphological variants. Cancer Res 43:2806-2811. 

16. Morstyn G, Russo A, Carney DN, Karawya E, Wilson 
SH, Mitchell J B  (1984): Heterogeneity in the radiation 
survival curves in biochemical properties of human lung 
cancer cell lines. J Natl Cancer Inst 73:801-807. 

17. Carmichael J, DeGraffWG, Gamson J ,  Russo D, Gazdar 
AF, Levitt ML, Minna JD, Mitchell JB (1989): Radiation 
sensitivity of human lung cancer cell lines. Eur J Cancer 
Clin Oncol25527-534. 

18. Matthews MJ, Kanhouwa S, Pickren J, Robinette D 
(1973): Frequency of residual and metastatic tumor in 
patients undergoing curative surgical resection for lung 
cancer. Cancer Chemother Rep 4:63-67. 

19. Birrer MJ, Minna JD (1989): Genetic changes in the 
pathogenesis of lung cancer. Ann Rev Med 40:305-317. 

20. Johnson BE, Ihde DC, Makuch RW, Gazdar AF, Carney 
DN, Oie H, Russell E, Nau MM, Minna JD (1987): myc 
family oncogene amplification in tumor cell lines estab- 
lished from small cell lung cancer patients and its rela- 
tionship to clinical status and course. J Clin Invest 
79: 1629-1634. 

21. Gemma A, Nakajima T, Shiraishi M, Naguchi M, Gotoh 
M, Sekiya T, Niitani H, Shimosato Y (1988): myc family 
gene abnormality in lung cancers and its relation to 
xenotransplantability. Cancer Res 485025-63028. 

22. Yokota J, Wada M, Yoshida T, Noguchi M, l'erasaki T, 
Shimosato Y, Sugimura T, Terada M (1988) Heteroge- 
neity of lung cancer cells with respect to the amplifica- 
tion and rearrangement of myc family oncogenes. Onco- 
gene 2607-611. 

23. Little CD, Nau MM, Carney DN, Gazdar AF. Minna JD 
(1983): Amplification and expression of the c-myc onco- 
gene in human cancer cell lines. Nature 306: 1194-196. 



158 Sullivan et al. 

24. 

25. 

26. 

27. 

28. 

29. 

30 

31 

32 

33 

34 

35 

36. 

37. 

38. 

39. 

Johnson BE, Battey J, Linnoila I, Becker KL, Makuch 
RW, Snider RH, Carney DN, Minna JD (1986): Changes 
in phenotype of human small cell lung cancer cell lines 
after transfection and expression of the c-myc proto- 
oncogene. J Clin Invest 78525-532. 
Bohmann D, Bos TJ, Admon A, Nishimura T, Vogt PK, 
Tjian R (1987): Human proto-oncogene c-jun encodes a 
DNA binding protein with structural and functional 
properties of transcription factor M-1. Science 238: 
1386-1392. 
Slebos RJC, Evers SG, Wagenaar SS, Rodenhuis S 
(1989): Cellular protooncogenes are infrequently ampli- 
fied in untreated non-small cell lung cancer. Br J Cancer 

Dosaka H, Harada M, Kuzumaki N, Kobayashi H, Miya- 
mot0 H, Kawakami Y (1988): The relationship of clini- 
cal classification to ras p21 expression in human non- 
small cell lung cancer. Oncology 45396-400. 
Bonfil RD, Reddel RR, Ura H, Reich R, Fridman R, 
Harris CC, Klein-Szanto J P  (1989): Invasive and meta- 
static potential of a v-Ha-ras-transformed human bron- 
chial epithelial cell line. J Natl Cancer Inst 81587-594. 
Schneider PM, Hung MC, Chiocca SM, Manning J ,  Zhao 
XY, Fang K, Roth JA (1989): Differential expression of 
the c-erbB-2 gene in human small cell and non-small cell 
lung cancer. Cancer Res 49:4968-4971. 
Slebos RJ, Kibbelaar RE, Dalesio 0, Kooistra A, Stam J, 
Meijer CJ, Wagenaar SS, Vanderschueren RG, van Zand- 
wijk N, Mooi WJ (1990): K-ras oncogene activation as a 
prognostic marker in adenocarcinoma of the lung. N 
Engl J Med 323:561-565. 
Mabry M, Nakagawa T, Baylin S, Pettengill 0, Sorenson 
G, Nelkin BD (1989): Insertion of the v-Ha-ras onco- 
gene induces differentiation of calcitonin-producing hu- 
man small cell lung cancer. J Clin Invest 84: 194-199. 
Finlay CA, Hinds PW, Levine AJ (1989): The p53 proto- 
oncogene can act as a suppressor of transformation. Cell 

Takahashi T, Nau MM, Chiba I, Birrer MJ, Rosenberg 
RK, Vinocour M, Levitt M, Pass HI, Gazdar AF, Minna 
JD (1989): p53: A frequent target for genetic abnormali- 
ties in lung cancer. Science 246:491-494. 
Lavigueur A, Maltby V, Mock D, Rossant J, Pawson T, 
Bernstein A (1989): High incidence of lung, bone, and 
lymphoid tumors in transgenic mice overexpressing mu- 
tant alleles of the p53 oncogene. Mol Cell Biol 9:3982- 
3991. 
Nigro JM, Baker SJ, Preisinger AC, Jessup JM, Hostet- 
ter R, Cleary K, Bigner SH, Davidson N, Baylin S, 
Devilee P (1989): Mutations in the p53 gene occur in 
diverse human tumour types. Nature 342:705-708. 
Iggo R, Gatter K, Bartek J ,  Lane D, Harris AL (1990): 
Increased expression of mutant forms of p53 oncogene 
in primary lung cancer. Lancet 335575-679. 
Seeger RB, Garrett GM, Sather H, Dalton A, Siege1 SE, 
Wong KY, Hammond D (1985): Association of multiple 
copies of the N-myc oncogene with rapid progression of 
neuroblastomas. N Engl J Med 313:1111-1116. 
Viola M V ,  Fromowitz F, Oravez S, Deb S, Schlom J 
(1985): Ras oncogene p21 expression is increased in 
premalignant lesions and high grade bladder carcinoma. 
J ExpMed 16~1213-1218. 
Viola MV, Fromowitz F, Oravez S, Deb S, Finkel G, 
Lundy J ,  Hand P, Thor A, Schlom J (1986): Expression 

59:76-80. 

57:1083-1093. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 

47. 

48. 

49. 

50. 

51. 

52. 

53. 

54. 

55. 

of ras oncogene p21 in prostate cancer. N Engl J Med 
314:1331-1137. 
Kasid UN, Pfeifer A, Weichselbaum RR, Dritschilo A, 
Mark G (1987): The raf oncogene is associated with a 
radiation-resistant human laryngeal cancer. Science 237: 
1039-1041. 
Chang EH, Pirollo KF, Zou Q, Cheung H Y ,  Lawler EL, 
Garner R, White E, Bernstein WE, Fraumeni JW, 
Blattner WA (1987): Oncogenes in radioresistant, non- 
cancerous skin fibroblasts from a cancer-prone family. 
Science 237:1036-1039. 
Fitzgerald TJ,  Daugherty C, Kase K, Rothstein LA, 
McKenna M, Greenberger J S  (1985): Activated human 
N-ras oncogene enhances x-irradiation repair of mamma- 
lian cells in vitro less effectively at low dose rate. Am J 
Clin Oncol8:517-522. 
Sklar MD (1988): The ras oncogenes increase the inxin- 
sic resistance of NIH 3T3 cells to ionizing radiar.ron. 
Science 239545-647. 
McKenna WG, Weiss MC, Endlich B, Ling CC, Bakan- 
auskas VJ, Kelsten ML, Muschel RJ (1990): Synergistic 
effect of the v-myc oncogene with H-ras on radioresis- 
tance. Cancer Res 50:97-102. 
Iliakis G, Metzger L, Muschel RJ, McKenna WG (1990): 
Induction and repair of DNA double strand breaks in 
radiation-resistant cells obtained by transformation of 
primary rat embryo cells with the oncogenes H-ras and 
v-myc. Cancer Res 50:6575-6579. 
McKenna WG, Weiss MC, Bakanauskas VJ, Sandler H, 
Kelsten ML, Biaglow J, Tuttle SW, Endlich B, Ling CC, 
Muschel RJ (1990): The role of the H-ras oncogene in 
radiation resistance and metastasis. Int J Radiat Oncol 
Biol Phys 18:849-859. 
Pardo FS, Bristow RG, Taghian A, Ong A, Borek C 
(1991): Role of transfection and clonal selection in medi- 
ating radioresistance. Proc Natl Acad Sci 88:10652-10656. 
Kasid UN, Weichselbaum RR, Brennan T, Mark GE, 
Dritschilo A (1989): Sensitivities of NIHi3TS-derived 
clonal cell lines to ionizing radiation: Significance for 
gene transfer studies. Cancer Res 49:3396-3400. 
Bedford JS, Hall EJ  (1963): Survival of HeLa cells 
cultured in vitro and exposed to protracted gamma 
irradiation. Int J Radiat Biol 7:337-383. 
Bedford JS, Mitchell JB (1973): Dose-rate effects in 
synchronous mammalian cells in culture. Radiat Res 
54:31&327. 
Mitchell JB, Bedford JS, Bailey SM (1979): Dose-rate 
effects in mammalian cells in culture 111. Comparison of 
cell killing and cell proliferation during continuous irra- 
diation for six different cell lines. Radiat Res 79537-551. 
Field SB, Hornsey S, Kutsutani Y (1976): Effects of 
fractionated irradiation on mouse lung and a phenom- 
enon of slow repair. Br J Radio1 49:700-707. 
Wara WM, Phillips TL, Margolis LW, Smith V (1973): 
Radiation pneumonitis: A new approach to the deriva- 
tion of time-dose factors. Cancer 32:547-552. 
Phillips TL, Margolis L (1972): Radiation pathology and 
the clinical response of the lung and esophagus. Front 
Radiat Ther Oncol6:254-266. 
Down JD, Easton DF, Steel GG (1986): Repair in the 
mouse lung during low dose-rate irradiation. Radiother 
Oncol6:29-42. 



Radiation Biology of Lung Cancer 159 

56. Carmichael J, Mitchell JB, DeGrafT WG, Gamson J, 
Gazdar AF, Johnson BE, Glatstein E, Minna JD (1988): 
Chemosensitivity testing of human lung cancer cell 
lines using the MTT assay. Br J Cancer 57540-547. 

57. Ochs JJ, Tester WJ, Cohen MH, Lichter AS, Ihde DC 
(1983): “Salvage” radiation therapy for intrathoracic 
small cell carcinoma of the lung progressing on combina- 
tion chemotherapy. Cancer Treat Rep 67:1123-1126. 

58. Mitchell JB, Russo A (1987): The role of glutathione in 
radiation and drug induced cytotoxicity. Br J Cancer 

59. Carmichael J, Mitchell JB, Friedman N, Gazdar AF, 
Russo A (1988): Glutathione and related enzyme activity 
in human lung cancer cell lines. Br J Cancer 58:437-440. 

60. Russo A, Mitchell JB, Pass HI, Glatstein EJ  (1989): 
Photodynamic therapy. Cancer Principles and Practice 
of Oncology 2:2449-2461,1989. 

61. Sullivan FJ, DeLaney TF, Glatstein E (1993): Photody- 
namic therapy in cancer management. Appl Radio1 22: 
26-30. 

62. Pass HI (1993): Photodynamic therapy in oncology: 
Mechanisms and clinical use. J Natl Cancer Inst 85:443- 
456. 

(Suppl) 55:96-104. 

63. Edsell ES, Cortese DA (1987): Bronchoscopic photo- 
therapy with hematoporphyrin derivative of localized 
bronchogenic carcinoma: A 5-year experience. Mayo Clin 
Proc 62%-14. 

64. Balchum OJ, Doiron DR, Huth GC (1984): Photoradia- 
tion therapy of endobronchial lung cancers employing 
photodynamic action of hematoporphyrin derivative. 
Laser Surg Med 4:13-30. 

65. Matthews W, Rizzoni W, Mitchell J, Russo A, Pass H 
(1989): In vitro photodynamic therapy of human lung 
cancer. J Surg Res 47:27&281. 

66. Matthews W, Cook J ,  Mitchell JB, Perry RR. Evans S, 
Pass HI (1989): In vitro photodynamic therapy of hu- 
man lung cancer: Investigation of dose-rate effects. Can- 
cer Res 49:1718-1721. 

67. Gomer CJ, Rucker N, Razum NJ, Murphree AL (1985): 
In vitro and in vivo light dose rate effects related to 
hematoporphyrin derivative photodynamic therapy. 
Cancer Res 45:1973-1977. 

68. Perry RR, Matthews W, Mitchell JB, Russo A, Evans S, 
Pass H (1990): Sensitivity of different human lung 
cancer histologies to photodynamic therapy. Cancer Res 
50:4272-4276. 




