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Summary of Progress

This section includes descriptions of results from previous studies. These studies are
based on the belief that a thorough understanding of radiation carcinogenesis in a single organ
system is the most likely way to achieve a general understanding of the process. We have
found that a useful model to analyze radiation carcinogenesis in rat skin is the modified dual
action hypothesis. In this hypothesis 2 initial events resulting in heritable molecular changes

are postulated as the starting point for several measurable endpoints of biological damage

including cancer induction.

The multistage theory of carcinogenesis specifies that cells progress to cancer through a
series of discrete, irreversible genetic alterations, but data on radiation-induced cancer
incidence in rat skin suggests that an intermediate repairable alteration may occur. Data are
presented on cancer induction in rat skin exposed to the following radiations: 1. an electron
beam (LET=0.34 kev/{), 2. a neon ion _beam (LET=45 kev/\) and 3. an argon ion beam
(LET=125 kev/l). The latter 2 beams were generated by the Bevalac at the Lawrence Berke-
ley Laboratory, Berkeley, CA. About 6.0 cm2 of skin was irradiated per rat. The rats were
observed every 6 weeks for at least 78 weeks and tumors were scored at first occurrence.
Several histological types of cancer, including squamous and basal cell carcinomas, were
induced. The total cancer yield was fitted by the quadratic equation, and the equation parame-
ters were estimated by linear regression for each type of radiation. Analysis of the DNA from
the electron-induced carcinomas indicated that K-ras and/or c-myc oncogenes were activated
in all tumors tested. In situ hybridization indicated that the cancers contain subpopulations of
cells with differing amounts of c-myc and H-ras amplification. The results are consistent with
the idea that ionizing radiation produces stable, carcinogenically relevant lesions via 2 repair-
able events at low LET and via a non-repairable, linked event pathway at high LET; either

pathway may advance the cell by 1 stage in the multistage model.

The proliferative response of rat epidermis following exposure to ionizing radiation was

quantified. An injection of 1"'C-thyrnicline in 27 day old, male rats labeled a cohort of S-
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phase cells and .deﬁned time zero. The return of these cells to S-phase a second time was
detected by a second label (3H-thymidine) at various later times. At 18 hrs, when the 14C-
labeled cells were well into the G1l-phase, the dorsal skin was either sham irradiated or irradi-
ated with 10 Gy or 25 Gy of 10 KvP X-rays. Immediately after irradiation the skin surface
was stripped with cellophane tape to stimulate proliferation in the basal cells, Skin biopsies
were taken at approximately 12 hr intervals for 124 hrs and incubated in 10 pc/ml of 3H-
thymidine. The 3H, 14C and 3H + 14C labeling indices were determined by counting cells
on the double emulsion autoradiographs under oil immersion light microscopy. The 14C
labeling index was constant and unaffected by the radiation. The proportion of all cells enter-
ing S-phase, i.e. the 3I-I labeling index, averaged 3.5% at 18 hrs and increased after 44, 52
and 75 hrs to average levels of 11.8%, 5.3%, and 6.6% at 0 Gy, 10 Gy and 25 Gy respec-
tively. The proportion of S-phase cells labeled with 14'C ("labeled S-phase") increased after
42 hrs and remained relatively constant thereafter at average values of 2.8%, 2.8% and 3.7%
at 0 Gy, 10 Gy and 25 Gy, respectively. The proportion of 14C-labelc:d cells that entered S-
phase closely paralleled the proportion of all cells entering S-phase. The proportion was low
at first then increased after 53 hrs to average levels of 10.0% at 0 Gy, 3.5% at 10 Gy and
4.0% at 25 Gy. These results are consistent with the proliferative stimulus acting to increase
the rate of transfer of cells from a GO phase into pre-S-phase and S-phase, while the major
effect of the radiation was to reduce the increased rate of transfer of all cells, including the

14C-labeled cohort, from G o Phase into S-phase.

The c-myc oncogene may play a role in controlling cell proliferation and in converting
irradiated cells to cancer cells. C-myc amplification has been detected by Southern blotting in
radiation-induced rat skin tumors, including squamous and basal cell carcinomas. in situ
hybridization was utilized in the present experiment in order to examine the localization of c-
myc amplification within the cancers. A biotinylated human c-myc third exon probe, visual-
ized with an avidin-biotinylated alkaline phosphatase detection system was used. The incor-

poration of 3H—thymidine into the DNA of rat skin cells showed that the proliferation rate of
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epidermal cells reached 4 peak on the seventh day after exposure to ionizing radiation and
then decreased. No c-myc oncogene amplification was detected in normal rat skin at very
early times after exposure to ionizing radiation, which is consistent with the view that c-myc
amplification is more involved in carcinogenesis than in normal cell proliferation. The results
indicated that c-myc amplification as measured by in situ hybridization was correlated with
previous Southern blot results, but within each cancer only some of the cells exhibited
amplification. The c-myc positive cells were distributed randomly within the tumor and exhi-
bited a more uniform nuclear structure in comparison to the more vacuolated c-myc negative
cells. No c-myc signal was detected in unirradiated normal skin or in irradiated skin cells

near the tumors. c-myc amplification appears to be cell or cell cycle specific within

radiation-induced carcinomas.

The c-myc oncogene was previously shown to be amplified in large, later stage carcino-
mas of the rat skin induced by 0.8 MeV electrons. In a panel of over 70 tumors induced by
high LET (45 Kev/l) neon ions, c-myc amplification was rare, and in contrast to the low LET
(0.3 Kev/lt) tumor data, showed no correlation with tumor size, growth period or time. Furth-
ermore, the tumor tissue specificity seen with low LET tumors was not seen in the high LET
panel. These results suggest that quite distinct molecular mechanisms operate even in late
stages of tumorigenesis that depend on the LET of the inducing radiation. Furthermore, the
results suggest that c-myc amplification observed in low LET induced tumors is not a general
property of rat skin carcinomas, but is mechanistically linked to the inducing radiation, even

though it is not detectable until many months after exposure.

Detailed Description of Progress

Progress has occurred in several areas corresponding to the specific aims of the proposal:
1) Progression and multiple events in radiation carcinogenesis of rat skin as a function of
LET; 2) Cell cycle kinetics of irradiated rat epidermis as determined by double labeling and
double emulsion autoradiography; 3) Oncogene activation detected by in situ hybridization in

radiation-induced rat skin tumors; 4) Amplification of the c-myc oncogene in radiation-induced
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rat skin tumors as a function of LET; and 5) Transformation of rat skin keratinocytes by ion-

izing radation in combination with c-Ki-ras and c-myc oncogenes.
1.0 Progression and Multiple Events in Radiation Carcinogenesis of Rat Skin

Exposure of rat skin to ionizing radiation elicits a variety of tumor types including,
squamous carcinomas, basal cell carcinomas, clear cell carcinomas, sarcomas and miscellane-
ous other tumors. The variety of different types of cancers reflects the variety of cell types
found in skin. Rat skin has been used extensively to study the dose-response and time-
response characteristics of radiation-induced epithelial cancer and for investigating how early
biological events associated with the absorption of the radiation cause a cell to embark on the
pathway to cancer (1). A comparison of radiation-induced cancer incidence in animals rela-

tive to human epidemiological data is available for skin (2,3).

The multistage theory of carcinogenesis was originally invoked to explain the temporal
pattern of cancer incidence data in human populations (4). Recent versions of this theory,
especially the 2 stage version, have been postulated to explain aspects of experimental chemi-
cal carcinogenesis in animals, e.g., initiation and promotion in mouse skin, and more recently
the occurrence of multiple oncogene activations in experimental tumors (5,6) (Figure 1). Each
transition, two of which are illustrated, is considered to be a permanent genetic alteration that
is transmitted to daughter cells and represeats another step in the "progress” of the cell to the
final neoplastic state. In the illustration the first stage transition is shown as resulting from 2
radiation-induced alterations (dual action). The second transition shown is spontaneous in the
sense that radiation action is not required. There is a potential for any of the cells at inter-
mediate stages to proliferate into clones thereby amplifying enormously the accumulated
alterations and cells at risk for the next transition. Whether such amplification actually occurs

is coniroversial and has only been shown conclusively for mouse skin papillomas (7).

A widely used idea to describe the effect of radiation on cell lethality and chromosomal
aberrations is the dual action theory (8,9). The basis for dual action theory is that the yield of

any biological endpoint requiring 2 alterations is proportional to the square of the radiation
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dose in a microscopic regibn of space that defines the target region with the cell. The form of

the dose response function, f(D), derived from this theory is:

£(D) = CLD + BD~ 1)
or f(D)/D =CL + BD (1a)

where L is linear energy transfer, D is radiation dose and C and B are empirical constants
(10). Equation 1 is derived from statistical analysis of the way radiation dose is distributed in
small regions of space. It can also be derived from consideration of the track structure of ion-
izing radiation and the need for 2 events (9).

Cancer Incidence in Irradiated Rat Skin

The above ideas have been formulated in light of the experimental results in rat skin.
Following a single dose of ionizing radiation to rat skin, epithelial and connective tissue
tumors begin to appear after about 10 weeks and continue appearing at an accelerating rate
until about 80-100 weeks of age after which the rate of appearance declines. The consistency
of this time pattern is remarkable and is the basis for constructing time-independent dose-
response relationships. A time-independent dose-response relationship is possible if the
overall tumor yield function can be separated into a product of a function only of dose and a

function only of time. This important idea can be expressed as follows:
Y(D,t) = f(D)g(t) (2)

where Y(D,t) is the overall cancer yield in tumors per animal, D is the radiation dose and t is

the elapsed time.

The functions f(D) and g(t) require specific analytic forms and for this we rely on the
multistage theory and experimental results for guidance. Experiments with irradiated rat skin
suggest that g(t) is probably a power function for a large fraction of the rat’s lifespan. A fre-

quently used power function form that is compatible with the multistage theory of carcino-

genesis is:
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C () = k(w) ?3)

where t is elapsed time since exposure and k, w and n are empirical constants (4,10). This
form has frequently been fitted to temporal cancer incidence data, especially epidemiological
studies of cigarette smokers (10). While non-integer values of n are conceivable, consistency
with the multistage model requires the use of integers. By fitting equation 3 to cancer yield
data in rat skin, we estimate that w is 0 and n=2. In Figure 2 equation 3 has been fitted with

w=0 and n=2 to cancer yield in rat skin exposed to single doses of 3 different types of radia-

tion as indicated.

Proportionality of the first term in equation 1 with L, the linear energy transfer (LET), is
an important implication of the dual action theory. To examine this question for cancer
induction, rat skin was exposed to 3 different types of radiation with greatly different LET
values; electron radiation, a neon ion beam or an argon ion beam. The latter 2 beams were
generated by the Bevalac at the Lawrence Radiation Laboratory (11). The LET of these radi-
ations were 0.34 kev/ll, 45 kev/y and 125 kev/y respectively. The results were a striking
confirmation of the dual action theory and are given in Figure 3 which shows cancer yield per
unit dose as a function of dose. These data were analyzed by fitting a line to the argon ion
data by using a least square procedure. Then the line for neon ions was derived by assuming
B and C remain the same and the LET changes from 125 kev/l to 45 kev/\. This procedure
produces a line parallel to the argon ion line but shifted downward to an intercept of 0.013
tumors/rat/Gy in comparison to 0.055 tumors/rat/Gy for argon. The close positioning of the
neon ion data around this predicted line is strong confirmation that Equation la correctly
accounts for the effect of LET on cancer induction in the rat skin system. The value of the

slope, B, is 0.0060 tumors/rat/Gyz.

The same procedure incorrectly predicts the cancer yield for electron radiation. The
predicted line for electrons (LET=0.034 kev/t) from equation la is shown just below the line
for neon ions. The y-intercept of this line is very close to 0.0 tumors/rat/Gy. The cancer

yield per unit dose for electron radiation is lower and to the right of the predicted line. The
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electron data are best fitted by a line with a slope of 0.0027 tumors/rat/Gyz. The ratio of
expected to observed slopes is 2.2 implying that neon and argon are 1.49 (1.49=2.2) fold

more effective than electrons for producing 2 track alterations relevant to carcinogenesis.

Another way to analyse these results, especially relevant to low dose extrapolation, is to
consider the dose, D e where the linear and dose squared terms make equal contributions to
the cancer yield. Based on De = (C/B)L derived from equation 1, the De values are 8.3 Gy,

2.0 Gy and 0.05 Gy for argon ions, neon ions and electrons respectively (Table 1).

Table 1. Values for D_ in Gray.

argon ions  neon ions  electrons

C B De De De
high LET results .0004 .0060 8.3 2.0 -
low LET results - 0027 - - 050

Split dose repair of radiation damage has been extensively studied for cell lethality in a
variety of mammalian cells and tissues (12). The rat skin results indicate that carcinogenic
alterations are subject to repair processes similar to those observed for cell lethality
(13,14,15,16). A lower cancer yield was observed when electron radiation doses were split
into 2 doses separated in time (Figure 4). This reduction can be interpreted to mean that the
skin cells are capable of repairing part of the electron-induced damage leading to cancer. By
plotting cancer yield as a function of time between doses, the repair half-time was estimated
to be about 3 hrs (17,18). This result suggests that at least one event in carcinogenesis by
electron radiation is repairable and that this repair can significantly reduce the risk of cancer
induction. Similar methods revealed no repair of cancer induction by argon ion radiation

(Figure 4).

Chronic irradiation is capable of accelerating the onset of skin cancers perhaps by acting
as a promoter. When radiation doses were given weekly to rat skin for up to 1 year, the
exponent of g(t) increased from 2 to 6.3; a much greater increase than would be expected if

the effects of each individual dose were simply additive (Figure 5). Additivity would increase
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the exponent to 3, i.e., 1 inore than 2 (Equation 3). In the multistage theory the increased
exponent could mean that additional stages became dose-dependent during progression or that

clonal growth of one or more intermediate stages magnified the importance of a prior stage.

The evidence suggests that split dose repair continues to operate for possibly up to 52
separate exposures. This can be seen by analyzing the countervailing trends of repair and
increased exponent separately. Repair tends to reduce the yield of cancer, while the high
exponent tends to increase it. The accumulated dose in the chronic exposures was enormous
in comparison to the single dose required to produce roughly the same yield of cancers. In
spite of an exponent of 6.3, the tumor yield for chronic exposure at 1.5 Gy per week was still
less than 1.0 tumor/rat at an accumulated dose of 78.0 Gy (52 exposures), while this same

yield was produced by a single dose of only 15.0 Gy; a dose ratio of 5.2.

A DNA double strand break is a candidate lesion to serve as an initial alteration as
specified in the model. Other common radiation- induced alterations, such as, DNA adducts,
base deletions and crosslinks are permanent genetic lesions in their own right and do not need
to combine with other lesions to produce genetic damage. As a test of the possibility that
strand breaks might be the initial lesion in radiation carcinogenesis, we examined the induc-
tion and repair kinetics of DNA strand breaks to determine if the response pattern correlates
with our knowledge about carcinogenesis in the rat skin (19). Breaks in one strand (single-
strand breaks) are readily repairable, presumably correctly because of the availability of an
unbroken homologous template. Breaks in both strands (double-strand breaks) are likely to
result in a chromosome break which is not as readily repairable as single strand breaks, and

the repair that does occur is often only partial frequently producing chromosomal aberrations
(20).

Considering the possibility that 2 single strand breaks on opposite DNA strands could
cause a double strand break, the kinetics of single strand break induction and repair was stu-

died in rat epithelial DNA. Alkaline unwinding and alkaline elution were used to measure the

rate of repair of DNA single strand breaks in the rat epidermis (21). The results indicated
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that single strand breaks were produced in proportion to dose, and that the repair halftime was
about 21 min. The latter is not very different from values found for a variety of mammalian
cell lines in vitro, but is very different from the value of 3 hrs we found for cancer induction
in rat skin. The discrepancy between repair halftimes indicates that DNA single strand breaks
per se are not likely to be an initial alteration as required in the model. Direct measurement

of double strand breaks at realistic doses has so far not proved feasible.

Another approach to identifying the genetic lesions associated with cancer progression is
to identify molecular changes in the DNA of the cancers and then examine earlier neoplasias
and irradiated tissue to determine if similar lesions can be found. As a first step in imple-
menting this approach, a group of 12 well developed radiation-induced cancers were examined
for activation of the ras and myc complementation groups (22). The tumors were classified
histologically as follows: 4 squamous cell carcinomas, 3 poorly differentiated carcinomas
(clear cell), 1 basal cell carcinoma, 1 sebaceous carcinoma, 1 sarcoma, 1 mixed carcinoma
(included squamous cells) and 1 fibroma ( benign conneciive tissue tumor). DNA was
extracted from the tumors and transfected onto NIH 3T3 cells to assay for altered ras genes.
Positive transfections (see Table 2) were found for the 3 clear cell carcinomas, the sebaceous
carcinoma, the sarcoma and one squamous carcinoma. Southern blot restriction analysis

revealed a rat derived restriction fragment homologous to the K-ras oncogene.

Southern hybridization of the original tumor DNA to the third exon rat c-myc probe indi-
cated c-myc amplification in 10 of the 12 tumors. Neither enhanced band intensity nor restric-
tion fragment polymorphism was seen when the DNA was probed with the first exon c-myc
probe. These results indicate substantial amplification of the c-myc oncogene in carcinomas.
The sarcoma was not amplified (note: subsequent analysis of additional sarcomas has failed to
show c-myc amplification). The cause of the amplification is unknown, but it is not likely to

be caused directly by radiation action (23,24,25,26,27).
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Table 2. Oncc;gene Activation in Radiation-Induced Rat Skin Tumors.

Tumor myc Amplification + myc
Number  Tumor Type K-ras Polymorphisms Expression
RAD 1 Poorly Differentiated

Clear Cell Carcinoma + + N.D.
RAD 5 Poorly Differentiated

Clear Cell Carcinoma + + +
RAD 8 Clear Cell Carcinoma + + +
RAD 4 Sebaceous Carcinoma

(Necrotic) + + N.D.
RAD 3 Basal Cell Carcinoma - + N.D.

RAD 2 Well Differentiated
Cornified Squamous

Cell Carcinoma - + N.D.
RAD 7 Squamous Cell

Carcinoma - + +
RAD 10 Squamous Cell

Carcinoma + - N.D.
RAD 12  Squamous Cell

Carcinoma - + N.D.
RAD 11  Mixed Histology

Carcinoma (Squamous) - + +
RAD 9 Sarcoma + - -
RAD 6 Fibroma - + +

Note: N.D. = Not Done.

Double oncogene activation (K-ras and c-myc) was found in 3 of the clear cell carcino-
mas and in the sebaceous carcinoma. Of 5 squamous carcinomas 4 showed c-myc
amplification and 1 showed K-ras activation. The activation of the K-ras oncogene requires a
point mutation at a specific codon, probably, 12 or 61. The radiation dose employed (12 Gy)
is not likely to have produced an alteration in such a small target (one base pair) with the fre-

quency that altered tumor DNA was actually observed as cancer incidence.

Figure 6 shows the amount of c-myc amplification in a large number of radiation-induced
epithelial skin cancers as a function of time after initial appearance. It is not until 12 weeks
that the average c-myc amplification reaches 3 fold; an arbitrary point separating amplified
from non-amplified cancers. The data show an increased amplification with age of the tumor

and support the idea that c-myc amplification is a late event in cancer progression.

Skin cancers were also examined for amplification of the c-myc oncogene by in situ
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hybridization. The ‘hybridization was performed with biotinylated c-myc probes labeled with
avidin and stained with Vectastain ABC-AP (Vector Labs. Inc.). Comparisons were made
with the results of Southern blots performed on DNA from the same tumors. In one instance
5 biopsies of the same squamous carcinoma permitted probing at 5 different times during

cancer development. Myc amplification in individual cells was generally correlated with the

Southern blot results.

The results of in situ hybridization of 7 different radiation induced cancers excised from
rat skin are shown in Table 3. The density of grains in tumor sections varied with the type of
tumor. The more grains observed in the tumor, the higher the c-myc amplification shown by
Southern blotting. For example, the squamous cell carcinoma (RAD7) in which DNA
amplification was increased by 20 fold exhibited the greatest number of grains in sections.
The correlation is not exact, however. More grains were found in the poorly differentiated
clear cell carcinoma (RADS) than in the clear cell carcinoma (RAD8) even though the former

tumor showed an amplification of 9 fold in comparison to 15 fold in the latter tumor.

Results are shown in Table 4 of in situ hybridization of 5 biopsy samples of the same
squamous cell carcinoma (RAD 106) excised at different times in the development of the
tumor. Different biotin labeled oncogene probes were used in this experiment as follows: c-
myc, H-ras and K-ras. With the c-myc oncogene probe only samples 2 and 3 exhibited
excess grains in comparison to control skin, and this generally agreed with the Southern blot
results. With the v-H-ras oncogene probe, no grains were found in any tumor sections.
Under close examination it was found that a specific cell type appearing small and not vacuo-
lated exhibited c-myc amplification. In comparison, the non-labeled tumor cells were rela-
tively larger and vacuolated. These data indicate that c-myc amplification is cell or cell cycle

specific within cancers exhibiting overall c-myc amplification.
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Table 3. C-myc Amplification in Radiation-Induced Rat Skin Cancers Detected by /n Situ
Hybridization Using Biotin Labeled Probe.

Grain Adjusted

DNA amplification count* Mean** mean***
Number Tumor Type (%)

(Southern blotting) (In situ hybridization)
RAD! Clear cell carcinoma >5(+) 59% 1.34 2.90
RAD4 Sebaceous carcinoma 15(+) 53% 2.07 3.70
RADS Clear cell carcinoma 15(+) 44% 1.57 470
RAD7 Squamous cell carcinoma 20(+) 62% 1.60 290
RADS Clear cell carcinoma 9(+) 28% 0.70 3.70
RAD9 Sarcoma 1) 3% 0.03 0.03
Control 5% 0.05 0.05
* The number of cells for whick  .east one grain occurred as a

fraction of the total cells coun..d.

*% Grains/cell.

***  Mean adjusted for the existence of two cell populations.

Table 4. Oncogene Amplification Detected by the in situ Hybridization in
5 Biopsies of a Rat Skin Cancer (Squamous Cell Carcinoms, Induced by Radiation.

Biopsy # Time from Tumor Growth Oncogene Amplification
Irradiation Size:3 Rate c-myc H-ras K-ras
(week) (cm™

1 13 0.2 0.1 - + -
2 27 22 3.6 ++ ++
3 33 15.0 32 ++ + -
4 39 27 -22 - - -
5 42 1.6 -25 - - -

Grains were observed with a microscope and scored as follows:
+ :low grain count.
(++) :intermediate grain count.
(+++) :high grain count.
-) no greins
1.2 Discussion of Results

The above results can be explained by assuming electron radiation produces an initial
repairable alteration that interacts with a second similar alteration to form an irreparable

genetic lesion. The latter lesion advances a cell 1 stage in the progression to cancer. One or



- 14 -

more additional stafge tran‘sitions may be necessary to complete the conversion to a cancer
cell, and the latter transitions may occur many cell divisions after the initial lesion is formed.
There is substantial support for initial action followed by late conversion from studies with
chemical carcinogens in the mouse skin and rat liver (28,29). These ideas generally encom-

pass what is known as cancer progression. This type of progression may occur naturally

without the need for action by the radiation.

The stages in the multi-stage theory of carcinogenesis are considered to be non-repairable
(10). If stages were repairable, one would expect a reduction of cancer yield at lower dose
rates, but such reductions have not generally been observed with chemical carcinogens. For
ionizing radiation, on the other hand, cancer yield is reduced at lower dose rate. By these
definitions repairable alterations can not be the basis for a stage transition in the progression
to cancer. Such transitions require a non-repairable genetic lesion transmissible to daughter
cells. As applied to carcinogenesis, the dual action hypothesis postulates that 2 repairable
molecular changes are the starting point and that an interaction between them produces an an
irreversible lesion that moves the cell to the next stage of progression to cancer. Altered cells
may progress even further by acquiring additional lesions (30,31,32). Interactions between
primary events are envisioned to proceed quickly if they are in close geometrical and temporal

proximity. A plausible candidate for the primary alteration is a double strand break in the

deoxyribophosphate strand structure.

The dose-response relationship in equation 1 can be derived from the track structure of
ionizing radiation and the 2 event assumption. Assume that the distribution of
carcinogenically-relevant alterations in the nucleus is similar to the distribution of primary
ionizations. If the LET of the radiation is low, many individual tracks are necessary to pro-
duce a given dose, and the biological alterations are likely to occur in different particle tracks.
Since events in different tracks are independent, the probability of two events occurring within
an interaction distance is the product of the individual probabilities. With events proportional

to dose, the yield of interactions between events in different tracks is proportional to dose
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squared which gives the second term in equation 1: BD2. Repair is observable because

events in different tracks can be separated in time.

At higher LET values the number of tracks necessary to produce a given dose declines
inversely proportional to LET. At very high LET values, e.g., 100 kev/lL or higher, hundreds
of rads can be delivered by only a few trac:. : per nucleus. If only a few tracks pass through a
nucleus, interacting events are likely to be linked in the same radiation track. The chance of
an interaction between events in the same track is proportional to the number of tracks, i.e.,
dose, and inversely proportional to separation, i.e., LET, which gives the first term in equation
1: CLD. Repair is not observable because events in the same track occur closely in time

leaving no time for repair.

The approach to radiation carcincgenesis outlined here is overly simplified in that it
neglects a number of potentially impor:ant factors, such as, the cytotoxic effect of the radia-
tion and the likelihood that a variety of local (growth factors) or systemic factors (hormones)
may modify the expression of neoplastic and potentially neoplastic cells. Certainly, cytotoxi-
city cannot be ignored at doses above the peak tumor yield where further dose increases lead

to unregenerated tissue destruction and fewer tumors, accordingly the model can only be

applied below the peak yield dose.

It is interesting that the cancer yield in rat skin is not affected by cell lethality at inter-
mediate radiation doses. At high doses where proliferative repopulation is incomplete, cancer
incidence is clearly reduced by the death and non-replacement of cells at risk, but no reduc-
tion is observed at doses where repopulative regeneration is complete. One possible explana-
tion of this finding is that carcinogenically-altered cells participate in proliferative repopula-
tion.

2.0 Cell Cycle Kinetics of Irradiuted Rat Epidermis Determined by Double Labeling and

Double Emulsion Autoradiography

The purpose of these studies was to determine how ionizing radiation affects the epider-

mal cell kinetics following a standard proliferative stimulus. The loss of keratinized cells and
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keratin from the‘ skin surface causes an increased rate of cell proliferation in the basal cell
layer (33-38). This property was used to assay the radiation damage to the basal cells by
determining the magnitude of the proliferative response at different doses of ionizing radia-
tion. The "method of labeled mitoses" has been used extensively to measure the cell cycle of
proliferating populations of cells by direct estimation of the durations of the cell cycle phases
(39,40). Unfortunately the method is tedious to use in a slowly dividing tissue, such as epi-
dermis, because of the low frequency of mitotic figures. This difficulty can be overcome to a
considerable extent by replacing the "mitotic window" with the considerably larger "S-phase
window" through the use of a double isotope technique and skin biopsies (Figure 7). This
approach provides what by analogy could be called a "labeled S-phase” curve, and gives simi-

lar phase and cycle time information as the more conventional labeled mitosis curve (41-46).

The conventional labeled mitosis curve for untreated rats is shown in Figure 8. An
injection of vinblastine 4 hrs before sacrifice was used to increase the number of mitoses.
The percentage of mitoses labeled at 4 hrs and 8 hrs was 46% and 98%, respectively, and
these data are not shown in Figure 8. The value at 24 hrs was zero out of a total of 250
mitotic figures, and after that the percentage of labeled mitoses varied between 1.2% to 3.5%
with an average value of 2.2%. The curve shown is the one that would be expected if the

cycle contained a Go-phase and if the constant phase time (pre-S, S, G2 and M) were 40 hrs
(37).

3

The “H labeling index of the basal cells irrespective of the presence of 14C is shown in

Figure 9. At 0 Gy there was a marked increase by 24 hrs indicating that cells were entering
S-phase as a result of the stripping only after a delay of this length of time. After some
fluctuation the points settle to a value estimated at 35 hrs and beyond to be 11.8%. At 10 Gy
the increase is delayed to 42 hrs then averages 5.3%. At 25 Gy the increase is further
delayed to 54 hrs, and the average value is 6.6%, although the fluctuations are relatively large.
If the time of increase is arbitrarily established as the time where the index first exceeds 4%,

18 hrs, 32 hrs and 53 hrs are the times of the first cells entering S-phase after stripping at 0

o [ " . o [ W



o N

=17 -

Gy, 10 Gy and 25 Gy, respectively.

The 14C labeling index for the basal cells irrespective of the presence of 3H is shown in
Figure 10. The data generally lie within the range of 2% to 5%, without an obvious increas-
ing or decreasing trend. There are no significant differences between the average values of

3.2%, 3.6% and 3.7% at 0 Gy, 10 Gy and 25 Gy, respectively.

The doubly labeled cells as a fraction of the 3H-1abeled cells, i.e. the labeled S-phase
curves, are shown in Figure 11. Irrespective of the radiation there was a delay of about 42 hrs
to 53 hrs after the initial 14C-thymidine injection before significant numbers of doubly labeled
cells appeared. Beyond 42 hrs the values fluctuate somewhat, and the averages of 2.8%,
2.8%, and 3.7% at 0 Gy, 10 Gy and 25 Gy, respectively, are not significantly different. A

few points are missing as a result of defective autoradiographs.

The doubly labeled cells as a fraction of the 14

C labeled cells are shown in Figure 12.
As in the labeled S-phase curves doubly labeled cells were first seen at 42 to 53 hrs. Unlike
the labeled S-phase curve the average fraction at 0 Gy was significantly higher (11.8%) than

at either 10 Gy or 25 Gy which were not significantly different than each other at 3.5% and
4.0%, respectively.

The total number of Feulgen positive cells per unit distance along straight, 50 | seg-
ments of epidermis was determined on the sections. The results, expressed as percentage of
the number of cells at 18 hrs, are shown in Figure 13. At O Gy the number of cells was
essentially constant. At 10 Gy and 25 Gy there was a steady decline with a slope of about

0.5%/hr (12%/day) until the end of the experimental period at 124 hrs.

Double emulsion autoradiography for distinguishing 14¢ 1abeled cells, 3H labeled cells
and doubly labeled cells is not used frequently, so its reliability needs to be examined. Table
5 gives average grain and track counts within the nuclear area in the first emulsion for each
isotope. The data in Table 5 shows that 14PC produced very few grains in the first emulsion
in comparison to 3H. This was achieved by producing a high ratio (estimated at 50:1) of 31—1

to 14C in the tissue and by using a thin first emulsion. The nitrocellulose layer stopped the

e
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3H betas from reaching the second emulsion and provided a microscopically clear demarca-

tion between emulsions.

2.1 Discussion of Results

The use of multiple biopsies helps to reduce individual variation in the experiment and to
conserve isotopes and animals, but local proliferation rates may be affected by wound healing
at distant biopsy sites. To minimize this possibility, at least 4 mm of clear skin was left
between biopsy sites. Results have been reported indicating that proliferative wound repair
does not extend beyond about 3 mm and is concentrated in the first 1 mm from the edge of
the wound. To confirm this an experiment was done to measure the pulse labeling index fol-
lowing an intraperitoneal injection ot‘3 H-thymidine as a function of distance from a biopsy at
various times. Two rats were used at each point and the results are shown in Table 6. These
data show that the biopsy had no effect on the L.I. beyond 3 mm except for a slight increase
at 48 hrs, which was small and non-persistent compared to that caused by stripping the skin
surface.

4

The nitrocellulose layer caused a spreading of the 1 C grain pattern in the second emul-

sion such that most of the grains (and tracks) occurred within a diameter of about 2 or 3
nuclear diameters, i.e. about 12 [ or 18 WU. Aithough this would be a relatively poor resolu-
tion in single isotope autoradiography, in practice it was acceptable because the grains and
tracks were arrayed symmetrically in a pattern centered on the labeled cells. Moreover 14C-
labeled cells were relatively infrequent so that labeling patterns rarely overlapped. Resolution

was sufficient in most instances to decide whether 14C-1abele:d cells were in the basal or

superficial layer.

It is interesting to note that in spite of a substantial increase in the rate of cells entering
DNA synthesis at 0 Gy, there was no increase .n the total number of cells as determined by
Feulgen positivity (Figure 13). The implication of this observation is that rate of

differentiation must have increased after the stripping in order to maintain a steady state of

total cell number (47-51).
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Another interesting pdint is that the radiation seemed to have an equivalent lethal effect
on the 14C—labeled cohort as on the population as a whole. At a radiation dose where the
total cell number was eventually reduced to nearly one-half of control, the proportion of 14C-
labeled cells remained fairly constant and about equal to the value in controls, i.e. 1A'C-labeled
and unlabeled cells were lost equally (Figure 10). Since most of the 14C-labeled cohort
would have been in the Gl-phase at the time of irradiation, some of the observed cell loss
must have been the result of the lgss of G1 cells. The latter observation implies that a sub-
stantial fraction of the observed céll loss was differentiative loss not compensated by proli-
ferative replacement. It is also interesting to note that there was no preferential loss of non-

14'C-labeled cells as might be expected if the cells were dying preferentially at mitosis.

The results are consistent with a non-uniform cycle time. If the cycle time were uni-
form, a conventional labeled mitosis curve should drop to 0 after the first peak and not rise
again until a second peak occurs in the vicinicy of the mean cycle time. Based on the formu-
lae LI1=K st and T c=1/K D the cycle time, T . is estimated to be about 286 hours (L.I.=.035,
TS=10 hr). The constant level of about 2.5% seen in the labeled mitosis curve after about 40
hours (Figure 8) implies that the cycle times are not uniform but are widely distributed with a
minimum cycle time of about 40 hours. In the uniform cycle time model, stimulating proli-
feration by stripping would have reduced the cycle time to about 66 hours. No evidence of a
second peak in the vicinity of 66 hours was found in the present experiment (see Figure 11).
A wide distribution of cycle times is consistent with the existence of a G -phase from which
cells are released randomly (37,52,53,54,55). After release from the G0 phase, cells enter a

uniform duration phase, consisting of pre-S-phase, S-phase, G,-phase and mitosis.

The main effect of the radiation was to reduce the number of cells being released into
the S-phase (Figure 3). The radiation did not affect the minimum time at which 14C-labeled
cells first appeared in significant numbers in S-phase (Figures 11 and 12), and it had no effect
on the proportion of 14C-labeled cells entering S-phase (Figure 12). This implies in the G o

model that the radiation suppressed the increase in the rate at which cells were leaving the
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G O-phase but had no, or 6nly a minor, effect on the length of the presynthetic phase and the
S-phase (56,57,58). Thus, the delay in the increase in the 3H labeling index following irradia-
tion (Figure 9) can be explained as the result of a delay of irradiated cells in leaving the G o

phase rather than a change in the time required to pass through the presynthetic phase and S-

phase.

Support for the random triggering assumption of the GO model can be found in Figure
11. For cell populations in widely different states of proliferation as indicated by the 3H
labeling index (Figure 9), there is no difference in the proportion of 14'C-labeled cells entering
S-phase. This is exactly what would be predicted by the random triggering model, i.e. once a
cell enters the GO phase its chance of leaving is independent of when it entered. The 14C-
labeled cells enter G as a cohort and yet are equally likely to be triggered into S-phase as the
unlabeled cells. This is another way of saying that the triggering of cells into the S-phase is
random; a key assumption of the GO model. This can also be seen from the data in Figure 12

which indicates the proportion of the 14

C-labeled cells that enter the S-phase at the various
doses. These data indicate that the 14C-labeled population behaves very similarly to the

overall population (Figure 9) in the proportion of cells that enter S-phase under the various

conditions employed in the experiment.

In spite of the relatively large radiation doses, surviving cells retain a considerable proli-
ferative capacity. The data in Figure 9 show that, while the number of Feulgen positive cells
is decreasing (Figure 12), the rate at which cells are entering the S-phase is increasing,
although at a lesser rate than the unirradiated controls. This implies that some cells that sur-
vive the radiation are still able to proliferate. The increase in proliferation in the irradiated
skin is so delayed that the stripping alone or the stripping in combination with radiation-

induced depletion could have been the stimulus (59,60).

3.0 Oncogene Activation Detected by In Situ Hybridization in Radiation-Induced Rat Skin

Tumors
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It is widely accepted that exposure to radiation can induce tumors in many organs and
species (61). The mechanism responsible for radiation carcinogenesis has been studied and
several general hypotheses have been proposed (62,63). The most common one is the " dual
radiation action theory ", which states that sublesions are produced depending on the pattern
of energy transfers to the cell, and that these sublesions can interact in pairs to produce
lesions which in turn determine the observed effect (63). Presumably at least two radiation-
induced genetic alterations are required in tumor development. Ionizing radiation can cause a
variety of lesions in DNA, including base modification, single and double strand breaks, sugar
damage and DNA-DNA or DNA-protein crosslinking (64). How radiation-induced DNA
damage initiates a normal cell and subsequently stimulates tumor cell proliferation are major
issues for understanding radiation carcinogenesis. Carcinogenesis is considered to be a mul-
tistage process involving initiation, promotion, and tumor progression (65,66). The heritable
nature of tumor- related-alterations makes it necessary to examine the incidence of genetic
alterations in different stages of tumor development. Recently the demonstration of specific
oncogene activation in radiation-induced cancer cells has been responsible for an increased

understanding of the molecular mechanisms of radiation carcinogenesis (67).

Rat skin exposed to ionizing radiation exhibits a variety of tumor types, including
squamous carcinomas, basal cell carcinomas, sebaceous cell tumors and sarcomas (68). The
dose-response relationship in rat skin cancers induced by ionizing radiation is well established,
and follows, like the effect of radiation on cell lethality and chromosomal aberrations, a
linear-quadratic pattern (62,69). Rat skin tumors induced by ionizing radiation provide an
excellent model for studying oncogene activation during tumor progression. Tumors are visi-
ble early and are available to be excised or biopsied. By taking a series of biopsies from a

growing tumor, it is possible to examine the activation of oncogenes during the development

of individual tumors (70).

Detection of oncogene amplification in rat skin tumors induced by radiation has contri-

buted valuable information for understanding the connection between initiation of carcino-
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genesis and activation of c;ncogenes. The results from Southern blot hybridization of the Bam
H1 digested tumor DNA with a human c-myc third exon probe revealed amplification of the
c-myc oncogene in 10 of 12 tumors. The myc gene was amplified 5 to 20 fold based on den-
sitometric analysis (71,72). The result of Southern hybridiz.tion of tumor DNA from serial
biopsies of an individual tumor showed that the c-myc amplification was correlated with both
the size and growth rate of the tumor (73). Other studies have indicated that c-myc
amplification is more likely a late event rather than a early event in carcinogenesis (70).

Recent evidence indicates that c-myc expression is involved in controlling cell proliferation

(74,75).

The purpose of the present study was to make use of in situ hybridization (a) to provide
information on c-myc amplification of cells from cancers with differing degrees of c-myc
amplification as shown by Southern blotting and (b) to examine cell proliferation and c-myc
amplification in rat epidermal cells at early times after exposure to ionizing radiation. in situ
hybridization has provided an efficient tool to localize a specific nucleic acid sequence in tis-
sue sectioas (76,77,78,79,80,81). The technique is based on the formation of a highly specific

hybrid between an appropriately labeled nucleic acid probe and its complementary sequence in

the specimen. This technique can yield both molecular and morphological information about A

individual tumor cells. The use of a biotinylated c-myc probe and an avidin-biotinylated alka-
line phosphatase detection system has the following advantages over the use of a radioactive

probe: rapid detection, improved microscopic resolution, and avoidance of a radiation hazard

(82,83,84).

A dry ulceration was notec in rats exposed to 20 Gy of ionizing radiation at day 7 and
beyond. No evidence of tissue damage or ulceration was seen ja rats exposed to 0 Gy or 10
Gy at any time point.

A variety of rat skin tumors were hybridized with a biotinylated c-myc third exon probe
in situ. Figure 1 (A-D) shows photomicrographs of tumor sections after in situ hybridization

and illustrates the microscopic view of the 5 biopsy samples from a single squamous cell
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carcinoma. As indicated by the symbols, T1(2)-T1(5), each photomicrograph represents
different stages of tumor development. Red grains were found in several tumor sections in
which biotin labeled oncogene probe was employed. The grains are considered to be a
granules of stain associated with the probe hybridized to amplified oncogenes. The back-
oround grain ccunt in normal tissue sections was very low (0.05 grains/cell) indicating that

the single copy gene was not detectible by the present methods.

The number of grains in tumor tissue was dependent on both the type of tumor and the
stage of tumor progression in 5 biopsy samples. The results indicate that certain types of
cancers and certain stages in cancer progression exhibit many grains. The number of grains
on tumor slides is presumably proportional to the magnitude of oncogene amplification. The
grains were found almost exclusively over the nucleus of tumor cells. In some cells the
grains were distributed randomly within the nucleus, but in others the grains were localized

near the nuclear membrane. Very few grains were found over the cytoplasm or over extracel-

lular spaces.

The pattern of grain distribution helps to confirm that the grains were the result of the
probe binding to the DNA of nuclear oncogenes. The use of RNase before hybridization did
not change the distribution of grains in tumor sections, however the use of DNase before
hybridization eliminated all the grains in the sections, which was a second indication that the

probe hybridized primarily to DNA and not RNA.

Shown in the Table 5 are the results of in situ hybridization of the c-myc probe to 7
Jifferent radiation induced cancers excised from rat skin. The number of grains per cell
varied with the tumor type, but correlated generally with the c-myc amplification as found on
Southern blots. But the grain count did not always match the Southern blot resuits quantita-
tively. For example, RAD5 showed almost twice the amplification of RAD! and yet the
number of grains per cell of RADS5 was nearly half that of RAD1. More grains were found in
the clear cell carcinoma (RADS) than in the poorly differentiated clear cell carcinoma

(RADS); even though the former tumor had a low c-myc amplification factor (9x) and the
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latter one had a high c-myc amplification factor (15x). Examination of the tumors revealed
that only specific cell types within the tumor sections showed c-myc _ related crains. The c-
myc positive cells were relatively small and not vacuolated in comparison to the c-myc nega-

tive cells in the same tumor. No grains were found in a sarcoma which was also negative by

Southern blot analysis.

The distribution of grains amoag the cells was not consistent with a Poisson distribution;
there were consistently more cells than expected with no grains. In the most extreme exam-
ple, RAD 8 exhibited 80% cells with no grains when the expectation based on a random dis-
tribution was less that 10%. One intrepretation of this finding is that the cancers consist of at
least 2 subpopulations of cells; one labeled randomly showing amplification and one not
labeled and lacking c-myc amplification. By analyzing the results in terms of 2 subpopula-
tions, we have arrived at adjusted mean grain counts and percentages not amplified as indi-
cated in Table 5. For purposes of the analysis, it was assumed that only 2 s bpopulations
existed; 1. a c-myc positive subpopulation distributed randomly and 2. a c-myc negative sub-
population exhibiting no signal by in situ hybridization and no amplification. This analysis
indicates that on average about 48% (33% to 70%) of the cancer cells are part of a c-myc
negative population.

Shown in the Table 6 are the results cf in situ hybridization to 5 biopsies of a squamous
cell carcinoma (RAD 106) obtained at different times during tumor development. The tumor
developed sequentially from T1(1) to T1(5), and represented growth followed by regression as
indicated. Several biotin labeled oncogene probes, including, c-myc, v-H-ras and v-K-ras
were used in the 5 biopsy experiment. For the c-myc probe, only samples T1(2), T1(3)
showed grains; the grains in T1(3) were greater in number than in T1(2). No grains were
observed in tumor sections without denaturing the DNA which confirms that the prcoe is
specific to single stranded DNA. Using the biotinylated rat v-H-ras probe, grains were found
in tumor sections T1(1), T1(2), and T1(3). The number of grains was low in T1(1), high in

T1(2) and medium in T1(3). The pattern of amplification in tumor development is similar
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between v-H-ras and c-myt. With the biotinylated v-K-ras probe, no grains were found in any

tumor sections indicating that this oncogene was not amplified.

Normal skin tissue sections were prepared at 1, 7, 14 and 21 days after exposure to 0
Gy, 10 Gy or 20 Gy of electron radiation. /n situ hybridization with the c-myc third exon
probe revealed no c-myc amplification in any of these tissue sections including irradiated and

unirradiated. Hyperplasia of epidermis was seen in these sections.

Another group of rats was used to assay epidermal cell proliferation after radiation expo-
sure. Rats were irradiated with 0 Gy, 10 Gy or 20 Gy. Following irradiation the rats were
injected with 1.0 fci/g 3I-I-thymiciine at 1, 7, 14 and 21 days. Based on counting cells on
autoradiographs, labeling indices were obtained for the epidermis and are shown in Figure 2.
The percentage of labeled cells is proportional to cell proliferation rate at the time of exposure
to 3I-I-thyrnidine. On the first day no significant difference was seen between 0 Gy and 10
Gy, but a large increase of labeled cells at day 7 in 10 Gy group occurred, followed by a
decline at day 14 and day 21. After day 7 the epidermal layer of skin exposed to 20 Gy
could not be found, presumably due to the cytotoxicity of this dose. The total cell count in
Figure 3 shows a similar pattern as the labeling index, i.e. an increase at day 7 followed by

lesser decreases at days 14 and 21.

3.1 Discussion of Results

The results here provide evidence for the amplification of the c-myc oncogene in specific
cells in several different types of rat skin carcinomas induced by ionizing radiation. A rea-
sonably good correlation was found between the methods of Southern blotting and in situ
hybridization as measures of c-myc amplification in these cancers. In five biopsy samples
from a single cancer, the observation that c-myc oncogene amplification was correlated with
stages of tumor development was also consistent with results from the Southern blotting
experiments. There were small quantitative differences in the pattern of c-myc oncogene
amplification in the different stages of tumor development based on these 2 methods. By

Southern hybridization analysis, the c-myc copy number was the greatest in the second biopsy,
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T1(2), and decreased in subsequent ones, while by in situ hybridization the grain count was

greatest in the third biopsy, T1(3).

A major finding was the co-amplification of v-H-ras and c-myc oncogenes in the 5
biopsy samples by in situ hybridization. The same cancer analyzed by Southern blotting indi-
cated minor amplification of v-H-ras (maximum 2.0 fold). Localization of the v-H-ras ampli-
cation to a subpopulation of cancer cells may explain this discrepancy. There was evidence
of co-amplification in some of the biopsy samples, and yet the pattern of H-ras amplification
was slightly different than that of c-myc. It is a reasonable supposition that c-myc
amplification is involved in radiation-induced carcinogenesis, but it is doubtful that c-myc

amplification is an early event in tumor development.

The rat epidermis at very early times, i.e., days 1, 7, 14 and 21 after exposure to ionizing
radiation did not show significant c-myc amplification when compared to tumor tissue that
served as a positive control. The fact that the proliferation of epidermal cells showed a large
increase at day 7 in the absence of c-myc amplification indicates that c-myc amplification is

not likely to be involved in the control of proliferation associateed with radiation wound

regeneration fo epidermal cells.

A morphologically distinct subpopulation of cancer cells was found that exhibits no c-
myc amplification. The size of this subpopulation varied from 33% to 70% in different canc-
ers. Microscopic examination showed that the amplification occurred preferentially in specific
tumor cells characterized as smaller and relatively unvacuolated in comparison to c-myc nega-
tive cells. These cells are presumably involved in tumor growth, although this remains to be
demonstrated. In many cells grains were concentrated toward the periphery of the nucleus
indicating localization of c-myc DNA near the nuclear envelope. This finding needs to be

confirmed in other cells, but consideration of this distribution pattern may contribute to under-

standing oncogene action.

The results here confirmed that the application of in situ hybridization using biotinylated

oncogene probes in tumor sections was a reliable method to investigate oncogene activities in
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carcinogenesis and ,maéle possible the observation that oncogene activation is cell specific
within the developing tumor. The use of the biotin labeled probe greatly increased the detec-
tion of c-myc amplification in comparison to the use of a radioactive probe. The bictin method
is relatively rapid in conftrast to the long exposure time of the autoradiographic method. Ini-
tially the loss of tumor tissue from the slide was a difficult problem due to the high tempera-
ture treatment and tiny contact area of the tissue on the slide. Both adhesion of tumor tissue
to the slide and a smooth coverslip are important requirements for successful in situ hybridiza-
tion. Polvlysine coated slides and siliconized coverslip using Sigmacote proved to be an

efficient way to keep the tumor tissue on the slide.

Specific oncogene activation in tumor cells has attracted much attention recently
(85,86,87,88). Different approaches have been applied to explore the correlation between
specific cncogene activation and tumor development. The radiation-induced rat skin carcino-
genesis model has been extensively used to examine oncogene activation. Some rat skin
tumors tested were pcsitive in the NIH/3T3 transfection assay, implying activation oi the ras
oncogene family. Southern analysis of the tumor DNAs revealed evidence for c-myc gene
amplification by S5- to 2C- fold. The amplification of c-myc, H-ras or K-ras was found to be
associated with an increase in tumor size and c-myc amplification was associated with an
increase in growth rate. Amplification of c-myc was found in other work to be a late-stage
event in cancer development. These results indicate that myc and ras genes play unique roles

in the growth and development of radiation-induced rat skin tumors.
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Table 5. C-myc Amplification in DNA from Radiation Induced Rat Skin Tumors Detected by
in situ Hybridization Using a Biotinylated c-myc Third Exon Probe.

DNA Labellid Adjustsd Cells not

No. Tumor Type Amplifications Cells Mean2 Mean amplified
(Southern blotting) (%) (%)
RADI Clear cell carcinoma 5x 60 1.34 2.06 35
RAD4 Sebaceous carcinoma 15x 53 207 3.83 46
RADS Clear cell carcinoma 15x 44 1.57 3.49 55
RAD7 Squamous carcinoma 20x 62 1.60 2.38 33
RADS Clear cell carcinoma 9x 20 0.70 2.33 70
RADS Sarcoma 1x 3 0.03 0.03 -
Control 5 0.05 0.05 -

The percentage of cells in which at least one grain occurred.

o -

The unit is grains/cell.

w

The mean is adjusted for the existence of 2 cell populations (see text).

Table 6. Oncogene Amplification Detected by in situ Hybridization in Five Biopsy Samples
from a Squamous Cell Carcinoma Induced by Ionizing Radiation in Rat Skin.

Time after Tumor Gro Oncogene ampliﬁcat:ion2
Biopsy # irradiation size rate c-myc H-ras K-ras
(week) (cm™)

1 13 0.2 0.1 ND + ND
2 27 2.2 3.6 ++ ++ -
3 33 15.0 3.2 e+ ++ -
4 39 2.7 2.2 - - -
5 42 1.6 2.5 - - -

! The unitis percentage area change per day.
2 The grains were scored as follows:
(+): low grain count (1.0/cell).
(++): intermediate grain count (>=1.0/cell, <2.0/cell).
(+++): high grain count (>=2.0/cell).
) no grains.
ND: no data.

4.0 Retinoblastoma Gene Polymorphisms and Amplification of the c-myc

Oncogene in Radiation-Induced Rat Skin Tumors as a Func*ion of LET

Restriction fragment length polymorphisms (RFLPs) of the retinoblastoma (Rb) gene in

rat skin cancers induced by electrons or neon ions.
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As a test of ‘the suppressor gene inactivation hypothesis, the DNA of rat skin cancers
induced by different types of ionizing radiation (electrons and neon ions) was examined for
evidence of RFLPs in the Rb gene. CD rats are an outbred population that has been main-
tained by the breeder (Charles River Farms, Inc.) for many years. To investigate the possibil-
ity of spontaneous population polymorphisms of the Rb gene in this population, DNA from 12
special controls selected from different maternal and paternal parentage, and 20 regular con-
trols (as normally supplied by the breeder) were analyzed for Hind III or Eco RI RFLPs.
Southern blots of DNA extracted from the kidneys of 10 regular controls digested with Hind
- II or Eco RI is hybridized to the human Rb c-DNA probe. Multiple lanes with control rat
DNA show essentially identical patterns indicating the lack of Rb population polymorphism
for Hind II or Eco RI. Additional Southern blots indicated no evidence of Hind III popula-

tion polymorphism in a total of 32 control DNA samples.

Southern blots of Hind III digested DNA from normal human placenta and 16 rat skin
cancers induced by neon ions and hybridized to the human Rb c¢c-DNA probe show band
differences estimated quantitatively by scanning densitometry of the gel films. Densitometric
results were confirmed by visual inspection. The Hind III RFLPs in the cancer DNA include
a new band at 3.2 kb; a new band at 11 kb in; and a new band at 15 kb. The restriction frag-
ment pattern for 2 tumors showed nn differences from the pattern in control DNA. The

results in 4 tumors were inconclusive because of inadequate gel loading or DNA degradation.

Southern blot of Hind I digested DNA from normal human placenta and 16 rat skin
cancers induced by electron radiation and hybridized to the human Rb c-DNA probe indicate
that the RFLPs of electron-induced cancers differ from the RFLPs seen in the DNA from
neon ion-induced cancers. The electron-induced RFLPs include new bands at 18.4 kb and/or
10 kb ju 7 tumors. The pattern for 4 tumors showed no differences from the control pattern.
Results for 5 tumors were inconclusive because of sample degradation or inadequate gel load-
ing.

A Southern blot of Eco RI digested DNA from normal human placenta and 11 rat skin

i | v i ' L ' [ "o ' I "



-130 -

cancers induced by neon lons were compared. Eco RI Rb RFLPs in the DNA of neon ion-
induced cancers include a new band at 5.3 kb in 4 cancers; and missing or weak bands at 2.5
kb and 10 kb for 1 cancer. The pattern for 1 tumor showed no differences from the control
pattern. The results for 5 cancers were inconclusive because of sample degradation or inade-

quate gel loading.

A Southern blot of Eco RI digested normal human placenta and DNA from 17 cancers
induced by electron radiation were compared. Eco RI Rb RFLPs include new 17 kb bands
for 4 cancers and a missing or weak band at 7.0 and a new band at 3.4 for 3 cancers; missing
or weak 4.3 kb and 8.0 kb bands for one cancer; and loss of a 4.3 kb band and gain of a 3.2
kb band for one cancer and gain of 1.3 kb and 2.0 kb bands for another. The patterns for 3
cancers showed no differences from control, although possible new bands were noted in the
region of 1.9 kb in 2 cancers. Results for 4 cancers were inconclusive because of sample

degradation or inadequate gel loading.

As indicated in Table 7 showing summary results for neon ions and electrons, cancers
were selected for study at various times after irradiation. A small sample of each cancer was
excised and processed for histological diagnosis. The cancers were generally large and
invasive at the time of sampling which varied from 27 to 114 weeks after irradiation. The
neon ion-induced tumors occurred in rats that received single exposures of 4 to 16 Gy of radi-
ation dose, while all but 1 of the electron-induced tumors were taken from rats that received
25 Gy. The distribution of different histological types of tumors, tumor sizes, tumor
occurrence times and tumor excision times were comparable for electron radiation and neon
ions. For each cancer designated with an + in columns 2 and 6 of Table 7, RFLPs were
found on the Southern blots. The results are reported either as new bands or loss of bands in

comparison to the control patterns.

The Hind III polymorphisms in neon-induced cancers involve new bands at 11 and 3.2
kb, while new bands occurred at 15.4 and 10 kb for elcctron-induced cancers. The Eco RI

polymorphisms involve new or missing bands at 10 kb, 5.3 kb and 2.5 kb for neon ion-
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induced cancers and at 17 kb, 8.3 kb or 2.4 kb for electron-induced cancers. Gel loading rela-
tive to control was estimated by densitometry of photographs of ethidium bromide stained

agarose gels illuminated with UV radiation.

Of 23 cancer DNAs with adequate Hind III patterns, 17 showed some evidence of
RFLPs. Of the 9 lanes with weak or missing bands (possible total Rb deletions), 6 lacked con-
cordance with the corresponding Eco RI result and the remaining 3 could be explained by
inadequate gel loading or apparent DNA degradation. Thus none of the weak patterns could
be confirmed as possible deletions in this sample of tumors. Out of a total of 16 cancers ade-
quately analyzed with both Hind III and EcoRl, 11 (69%) showed concordant results with
both enzymes. Out of 26 cancers for which at least 1 adequate restriction enzyme pattern was
available, 21 (81%) showed evidence of RFLPs in the Rb gene, including 7/9 squamous carci-
nomas, 7/7 basal cell carcinomas, 5/8 sarcomas, 1/1 clear cell carcinoma and 1/1 fibroma. For
summary purposes the clear cell carcinoma is included with basal cell carcinomas and the

fibroma is included with sarcomas.
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Table 7. Summary of RFLP pattern and other characteristics of rat
skin cancers induced by neon ions or electrons. Symbols are as follows:
+ = positive RFLP, - = negative RFLP, I = inadequate gel pattern,
0 = not tested, BCC = basal cell carcinoma, SCC = squamous cell carcinoma,
SAR = sarcoma, CC = clear cell carcinoma, F = fibroma.

Neon ion-induced tumors Electron-induced tumors
1 2 3 4 5 6 7 8
Tumor Southern Hist- | Excision | Tumor Southern Hist- | Excision
# blot ology time # blot ology time
results (wks) results (wks)
Hind | Eco Hind Eco

319 - + BCC 90 101 I + SCC 50
331 - + SAR 90 102 + + SCC 55
333 + + SAR 93 104 - SAR 45
340 I 0 SAR 93 106 - - ScC 27
349 1 I SAR 82 115 + + BCC 55
350 + I SAR 82 117 I + SCC 94
351 + 0 SAR 60 133 + + SCC 68
405 + I BCC 82 134 - - SAR 68
388 + + SCC 74 135 + + SAR 69
389 + + BCC 73 136 + + BCC 68
390 + 0 BCC 73 141 + + CC 94
392 I 0 SAR 73 156 - 1 SAR 61
395 + - BCC 73 157 I I SAR 61
383 + I SCC 68 158 1 + SCC 61
384 + 0 SCC 68 159 + + F 61
399 1 0 SCC 81 181 0 I BCC 94
408 0 I SCC 68 170 1 1 BCC 78

These results indicate a high incidence (81%) of RFLPs in the DNA of these cancers and
a difference between the restriction patterns of DNA from electron-induced cancers in com-
parison to neon ion-induced cancers. The evidence presented can not rule out the possibility
that the observed RFLPs are the result of mutations at restriction sites.
site mutations were occwrring in tumors, mutations at non-restriction sites should also be
occurring with about the same frequency per site. Restriction sites outnumber non-restriction
sites by a wide margin, and yet only 7 of 26 (27%) adequately tested cancers exhibited nor-
mal Hind III or Eco RI restriction patterns indicating that the upper limit of the incidence of
restriction site mutations is much lower than the incidence of major polymorphisms. Further

study will be needed to establish whether the Rb RFLPs reflect gene damage sufficient to

inactivate the gene and whether intragenic deletions are involved.

However if restriction
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Cancers generajly contain some non-cancer cells, including white blood cells, fibroblasts
and endothelial cells, so it would not be surprising to find weak bands at a location that may
have been totally deleted in the cancer DNA. Several of the tumor lanes show weak bands
rather than total band loss at positions of bands in the controls. Weak (generally about 20%
of control) bands are most likely normal cell contamination, but complicate the inter- pretation
of the complex Rb restriction patterns. A restriction map of the rat Rb gene is not currently
available, so it is not possible to compare the observed banding pattern with expectations.
The number of bands in the rat DNA is greater that the number in the human control DNA
and some of the .extra bands could be artifactual from the use of a cross-species probe.
Nevertheless the banding pattern in the rat DNA is quite reproducible in a large number of
control rats as well as in cell lines derived from normal skin and respiratory cancers of

different strains of rats (data not shown).

Because radiation-induced deletions in DNA are often large and can occur anywhere in a
gene or chromosome, it is somewhat surprising that no unequivocal instances of total Rb dele-
tions were found among the 34 cancers tested in these experiments. Perhaps critical genes
reside close to the Rb gene in the rat making large deletions that include flanking sequences
lethal to the cells. Four of 11 electron-induced cancers exhibited a Hind III polymorphic pat-
tern that included the appearance of a new band at 17 kb. The consistent location of the new
band suggests possible clustering of the associated breakpoints. While the Rb polymorp-
hisms seen here are not unlike those found for other genes, eg. HPRT, inactivated by radia-
tion, selection operating on cancer cells could alter the distribution or type of RFLPs in com-
parison to what occurs in genes selected differently. Population polymorphisms in the Rb
gene described in humans usually involve mutations at restriction sites (40). However such
Rb polymorphisms are infrequent and no RFLPs of any type were detected in a sample of 32

rats drawn from the CD-1 population.

One electron-induced tumor was a fibroma, which is a benign connective tissue tumor.

Fibromas show no signs of local invasion, nor do they show the typical morphological pat-

e
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terns seen in sarcomas, but they grow steadily and if not removed can resemble malignant
tumors in size and appearance. The finding of RFLPs in the Rb gene of these obviously
benign tumors suggests that Rb alterations are not, by themselves, sufficient for malignancy.
The need for additional alterations, beyond what might be occurring in the Rb gene, is
entirely compatible with the two-stage model of carcinogenesis. LET-specific RFLPs may

reflect intragenic alterations in a single tumor suppressor gene possibly involved in the

development of radiation-induced cancers of rat skin.

Recent results with the mouse c-DNA Rb probe have not confirmed the human probe
results and indicate population polymorphism in control DNA not detected by the human
probe. Approximately two-thirds of the rat Rb c-DNA has been sequenced which permits the
fabrication of rat-specific Rb probes. New studies with these probes are a next step in the

analysys of the Rb gene in radiation-induced rat skin cancers.
Selection and growth of rat keratinocytes in Ca++ in vitro

In keratinocytes, as in other cells of epithelial origin, calcium is vital for growth but also
acts to trigger the keratinocytes into terminal differentiation. For human and mouse keratino-
cytes, serial subculture has been accomplished in low calcium media under both serum-free
and serum utilized conditions. The properties of cultured keratinocytes growing in reduced
levels of calcium has been well documented for mouse, human and rat cells in short term cul-
ture. Although there are species differences in the concentration of calcium at which the cells
begin to differentiate, the response itself is similar. In reduced calcium media the keratino-
cytes have a rounded, cobblestone appearance with wide inter-cellular spaces. The keratino-

cytes do not stratify but rather continue to proliferate in a monolayer.

Rat skin keratinocyte cell lines capable of serial subculture foi extended periods were
derived from primary cultures of neonatal rat skin keratinocytes and from rat skin carcinomas.
The cell lines were isolated and maintained in serum-free, low calcium (0.09 mM) medium
without the use of a feeder layer. Under such conditions the keratinocytes grew in a mono-

layer and did not stratify. The cultures displayed the characteristic morphology of epithelial
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cells grown in low calcium medium including cobblestone appearance and wide inter-cellular
spaces. This morphology ‘emained consistent throughout the period of subculture and was
independent of passage number. Positive staining of the cells utilizing a keratin-specific pri-
mary antibody confirmed their epithelial origin. A population doubling time of 36 hours was
estimated from growth curves in passage 10. When switched at passage 10 to serum-free

medium containing 1.8 mM calcium, the

cultures from normal tissue rapidly underwent morphological changes including a less rounded
cell shape and narrowing of the inter- cellular spaces and within three weeks had stratified,
formed sheets, and sloughed from the dishes. By contrast focal areas of irradiated cultures
and cultures derived from skin cancers main- tained their morphology and continued to proli-
ferate for as long as 15 weeks after being switched to high calcium. This indicates that dur-
ing the subculture period the normal keratinocytes had retained the calcium-induced
differentiation trigger which is characteristic of keratinocytes, while irradiated cells and cancer
cells exhibited transformation to calcium independence. These results demonstrate that the
subculture of rat skin keratinocytes under serum-free, low calcium conditions can be accom-
plished over prolonged periods without losing morphological characteristics typical of the cell
type, and that growth in high calcium is a possible indicator of neoplastic transformation by
irradiation.
Skin cancers in tinea capitis patients

A group of 1640 people who were exposed as children to about 3 Gy of x-rays as part of
their treatment for ringworm of the scalp (tinea capitis), along with a comparable group of
unirradiated controls, have been followed for skin cancer induction for nearly 35 years (48-
50). The incidence of basal cell cancers in the irradiated population is currently elevated by
approximately a factor of 5 in comparison to controls. An unexpectedly large percentage
(about 1%) of these patients present with multiple cancers (up to 9 per patient) suggesting the
possibility of a subpopulation with high susceptibility to radiation carcinogenesis. Of the 41

individuals in the x-urradiated group who developed skin cancer, 13 developed 2 or more
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cancers, and 7 dlevcloped ‘3 or more including 3 people who developed 9, 9, and 7 cancers
respectively. If the skin cancers were randomly distributed among the 1670 persons at risk,
less than 1 person should have developed multiple cancers. The observation of 13 multiple
cancer cases when less than 1 was expected is statistically significant and suggests the

existence of a subpopulation of patients with unusual sensitivity to the carcinogenic effects of

radiation.

As a pilot study to obtain information on the possible reasons for this increased sensi-
tivity, 2 multiple cancer patients (7 and 9 cancers) were brought into the clinic and biopsy
samples were obtained from an x-irradiated scalp location behind the ear and from a skin
cancer. Full skin, 2.0 mm punch biopsies were obtained under aseptic conditions and fibrob-
lasts grown from these biopsies were analyzed for chromosomal aberrations. The biopsy tis-
sue was minced and dispersed in collagenase and incubated until a monolayer of fibrobiasts
was seen to be growing out and covering the culture dish. The cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 15% fetal bovine serum, L-
glutamine (2mM), penicillin (50 units/ml), and streptomycin (50 ug/ml) in a 10% CO?2 atmo-
sphere at 300C. The cytogenetic analysis showed aneuploidy and a high incidence of clonal
and non-clonal translocations and deletions in the chromosomes. These chromosome aberra-
tions could have been late manifestations of radiation damage occurring, in some cases, as
much as 35 years after exposure to the x-ray. These findings carry no necessary implications
for the majority of the original skin fibroblasts, however fibroblasts cultured from unirradiated
skin show such aberrations less than 5% of the time. Observing severe chromosomal aberra-

tions in 2 out of 2 patients is significant, although confirmation in a larger number of patients

is needed.

Tonizing radiation is a potent carcinogen in animals and man. The induction of tumors in
rat skin by exposure to ionizing radiation has proven useful for studies on the biological and
molecular mechanisms associated with radiation carcinogenesis (89-91). We have previously

found the c-myc oncogene to be amplified in late stage skin carcinomas induced by electron
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radiation (0.8 MeV) (92,93). This amplification proved to be significantly correlated with size
and age of tumors. Using serial biopsies, we determined that the c-myc copy number
increased in individual tumors as a function of time and tumor growth (93). It appeared from
our results that c-myc amplification in individual cells of small early tumors might allow for
selective advantage and clonal outgrowth of a subpopulation of tumor cells. The rate of gene
amplification has in fact been found to increase in malignant cells compared to normal cells
(94) and our results could be explained if amplification of the c-myc gene lends a selective
advantage to a tumor cell subpopulation. The relationship between c-myc amplification and
the inducing radiation events was not clear, since we saw only low levels of gene

amplification in small early lesions (93).

Amplification and over-expression of the c-myc oncogene has been observed in a wide
variety of human and experimental animal tumors and transformed cells (95-97). Often c-myc
activation has been associated with later stages of neoplastic progression (98-100). In contrast
to the ras _family, which may be activated in some cases directly by the mutational activity of
the carcinogen (101,102), c-myc activation is often a late event, apparently not directly associ-

ated with the effects of the tumor inducing agent.

The linear energy transfer (LET) of ionizing radiation has been shown to have significant
effects on many radiobiological endpoints (103-105), including rat skin carcinogenesis (106).
Quantitative modeling of tumor incidence data as a function of LET and dose has shown that
high and low LET radiation operate through disparate mechanisms, probably involving
different number as well as types of events (106). The pattern of activating ras mutations in
radiation-induced mouse thymomas has been shown to differ in high and low LET radiation
induced tumors (107) and differential effects of high and low LET on the expression of cer-
tain genes, including c-fos has been observed within 3 hr after irradiation of hamster fibrob-
lasts (108). We have examined the amplification of the c-myc (and selected other oncogenes)
in rat skin tumors induced by high LET neon ions and compared our findings with our earlier

data using low LET electrons.
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The histologic 'proﬁle of the panel of tumors induced by neon ions are compared with
that seen using low LET. The size of these tumors ranged from 0.3 to = 30 cm3. Com-
parison of the means and medians for tumor size, shown in, indicate a deviation from a nor-
mal distribution, with most tumors being small, with a few quite large. Growth rates of indivi-
dual tumors also varied significantly, with a subpopulation (* 10/%) growing extremely
rapidly. We determined the gene copy number of c-myc in 70 tumors representing each histo-
logic type, size, and growth rate. The oncogenes c-fos, c-abl and d-ras were analyzed in sub-
sets of this population. Table 8 shows the frequency of gene amplification (defined as an
increase in gene copy number of 3-fold or greater) as determined by Southern blot analyses in
these tumors. Amplification of c-myc was seen in only ~ 14% of the tumors and, more impor-

tantly, was not correlated with tumor size.

For electron induced tumors we had observed a significant specificity for tissue type in
c-myc amplification, which was completely absent in sarcomas. As seen in Table 8 such
specificity was not seen for the neon ion induced tumors where the frequency of amplification
in sarcomas was not different from that in carcinomas. The frequency of amplification of 3
other oncogenes in subsets of the neon-induced tumors was also quite low, with 0/13 tumors

exhibiting amplified c-fos , 0/9 showing amplified c-abl and 2/17 showing amplified H-ras.

Based on our previous results (95), we have concluded that a low frequency (up to ~
20%) of amplification can be detected for many genes in radiation induced tumors. The ran-
dom nature of these events, with no clear connection to any biological parameters of the
tumor, renders their mechanistic significance to etiology of tumors doubtful. The pattern of
c-myc amplification shown in Table 8 suggests that the c-myc gene falls into this category for
the neon-indu ed tumors in contrast to the situation with low LET tumors. This conclusion

was supported by further statistical analysis and comparison of the role of c-myc amplification

in the 2 tumor populations.

Tables 9 and 10 compare statistical parameters of myc amplification as a function of size

and tumor age (time from appearance to analysis) in high and low LET-induced tumors. As
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shown in Table 9 the neoit-induced tumors were larger on average than the electron-induced
tumors. For the high LET-induced tumors, there was no difference in size between those with
and without c-myc amplification, whereas the low LET-induced tumors with amplified c-myc
were on average 4 times larger than tumors with normal c-myc. Linear regression analysis of
the c-myc gene copy number of each individual tumor showed no correlation with tumor size
or growth time in neon-induced tumors, as opposed to the results using electron-induced
tumors which showed significant correlation between c-myc and both these progression-related
parameters (Table 10). No correlation was seen between the growth rate and c-myc gene

copy number of tumors induced by either radiation.

4.1 Discussion of Results

It has been known for some time that mechanisms of tumorigenesis induced by ionizing
radiation of low and high LET must be different. This conclusion was based partially on
differences in the shape of the dose response curve. For example in rat skin, high LET radia-
tion produces a linear response of tumor incidence, while low LET radiation induces tumors
that follow a power function of dose. Models describing the quantitative contribution of LET
to the tumor incidence dose response curve in rat skin have been described (89,106). Repair

characteristics, as determined by split dose experiments, also differ between radiation expo-

sures of high and low LET.

It might be assumed, based on the different patterns of energy deposition from high LET
neon ions vs. low LET electrons, that differences in the mechanisms of carcinogenesis would
be detectable at the molecular level. In fact, Pellicer and co- workers have demonstrated that
in mouse thymomas, the pattern of ras gene mutational activation differ between high and low
LET (107). The results of our study extend these findings to effects on the c-myc oncogene.
However, a critical difference between the 2 studies adds a degree of complexity to interpreta-
tion of our results. While it seems likely that ras gene activation may be an early event in
the carcinogenic process, we have previously shown that in rat skin tumors induced by elec-

tron radiation, amplification of c-myc appears to be a late event that is only detectable once
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tumors have reacilecl a stage well beyond initial tumor appearance (93). Furthermore, our ear-
lier results led us to hypothesize that subpopulations of cells within the heterogeneous tumors
containing amplified c-myc, possessed a selective advantage and with time became the dom-
inant cell type in a rapidly growing, highly malignant tumor. This hypcthesis has been sup-

ported by recent in situ hybridization experiments (see section 3.0).

These observations appeared to negate a direct role for the influence of the original
inducing radiation in amplification of c-myc in late stage rat skin tumors. However, our
present results contradict this conclusion, since if myc amplification were related to a tissue
specific phenomenon only, and had no causal connection to the inducing carcinogen, then the

same pattern of amplification would be observed, regardless of the energy transfer quality of

the inducing radiation.

In fact, our results are consistent with the hypothesis that c-myc amplification in late
stage carcinomas of rat skin induced by electron radiation is mechanistically linked to the
radiation exposure. It is difficult, however, to conceive of a direct effect on the c-myc gene
by the initial radiation exposure that could account for amplification of the gene in a subpopu-
lation of tumor cells, many generations later after tumor progression has led to tumor hetero-
geneity. A more likely explanation is that the initial radiation exposure produces other effects
in the target cell(s), that eventually lead to c-myc amplification in a subpopulation of the
transformed cells during the later process of tumor progression and evolution. It may be
speculated that cellular pathways leading to increased genomic instability that would allow a
higher gene amplification frequency may be specifically activated by low LET radiation. A
number of genes, including c-jun (108), protein kinase C, (109) and c-fos (110), have been
shown to be induced in cells at early times (within the first 1-3 hours) after radiation expo-
sure. Interestingly, the c-fos oncogene (which may play a role in the induction of genomic

instebility) has been shown by Woloschak and colleagues to be induced by low, but not high
LET radiation (111).

A mechanism involving an early increase in genomic instability leading to enhanced pro-
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bability of gene amplification does not explain the fact that only the c-myc gene is found to be
amplified in the late stage tumors. However, this may be explained by a selection process
whereby only tumor cells containing amplified c-zmyc have the necessary selective growth
advantage to progress to the next level of malignancy. Studies designed to relate the early
effects of ionizing radiation (as a function of LET to observations of molecular alteration in
end-stage tumors are critical to achieve an understanding of the relevant mechanistic chain of
events underlying radiation carcinogenesis. The rat skin model system provides an excellent

tool with which to perform such studies.

Table 8. Fraction of Neon Ion Induced Tumors with Amplified c-myc
as a Function of Size Class and Histologic Type.

Tumor Size

3 3

Histology <l cm 1-10 cm >10 cm

High Low High Low High Low
LET LET LET LET LET LET

Carcinomas  2/8° 423 29 1121 04 6/6
Sarcomas  0/0 0/1 211 0/6 1/8
Others 29 — 015 16 -

; Data for low LET-induced tumors is from Report # DOE/ER-60539-7.
Number of tumors with c-myc copy number >3/total number of tumors tested.

Table 9. Comparison of Tumor Size Related to ¢c-myc Amplification
Between High and Low LET-Induced Tumors.

Radiation LET c-myc AMP? No. Tumors
Electron Low - 38
+ 27 3.03+23 p=.006
Neon High - 60
+ 10 6.63 £ 34 NS
a+ = c-myc gene copy number r 3 compared to control.
NS = not significant.
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Table 10. Correlation of c-myc Gene Copy Number with Tumor
Size and Growth Time for High and Low LET-Induced Tumors.

Radiation Tumor

LET No. Tumors Parameter Ra P

High 70 Size 0.039 0.75 (NS)b

Low 65 Size 0.54 0.0001

High 69 Time 0.18 0.14 (NS)

Low 49 Time 0.40 0.004

High 67 Growth 0.17 0.18 (NS)
Rate

Low 50 Growth 0.16 0.27 (NS)
Rate

@R = Linear correlation coefficient of plot of c-myc copy

b number as determined by densitometry scanning.
NS = Not significant.
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FIGURE LEGENDS

Figure 1. Diagram of the events and stages in radiation carcinogenesis. Genetic
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alterations labeled S are envisioned to occur in association with cell
division. Alterations labeled event 1 and event 2 are produced by
action of low LET radiation (RL) or high LET radiation ( RH).
Two radiation-induced events are equivalent to 1 stage in the con-
ventional multistage formalism. Clonal growth may amplify stages

as depicted.

Figure 2. Examples of temporal tumer onset data. Rat skin was irradiated with

electron radiation, neon ions or argon ions. The onset time of each
tumor was the earliest time of visual detection. Each tumor was
examined and confirmed histologically. Equation 3 was fitted to the

data with n= 2.0 and w=0.

Figure 3. Tumor yield as a function of surface dose at 100 weeks after irradia-

tion for rat skin irradiated at 28 d of age with monoenergetic elec-
trons, neon ions or argon ions. Regression lines of the expression
f(d)/D=CL + BD were fitted to the data and C & B were estimated

as described in the test.

Figure 4. A plot of the percentage unrepaired (P) versus time between fractions

for electron (open circles) and argon ion (closed squares) radiation.

=f(d,0)-f(d,t))/(f(D,0)-f(D,+)), where f(D,0) is the cancer yield
when two equa! doses of magnitude D were given with no time
separating them, f(D,+) is the response when two exposures were
well separated (greater than 24 hrs.) and f(D,t) is the tumor response

when the two exposures were separated by time t.
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Figure 5. Typical cancer incidence versus time results for single and multiple
exposures of rat skin to electron radiation. Single exposure data and

multiple exposure data were fitted by n=2.0 and n=6.3 respectively.

Figure 6. Gene copy nuiaber for c-myc as a function of time after tumor appear-
ance. The linear correlation coefficient of the regression line shown
was 0.40 (P<0.01). The arrow indicates a c-myc copy number of 3

which occurred at 14 weeks after appearance.

Figure 7. The sequence and location of the biopsies on the dorsal skin. The
sequence is given by the numbers in the small rectangles. The large
rectangle represents the outline of the irradiated area of dorsal skin.

The midline of the long axis coincided as closely as possible to the

spinal axis.

Figure 8. The labeled mitosis curve in normal unstimulated rat epidermis. The
solid line is derived from the Go model with a total length of the
constant duration phase (pre S, S and G2) of 40 hrs. Mitotic cells

were accumulated for 4.0 hours by injection of vinblastine.
Data in the vicinity of the first peak have been omitted for clarity.

Figure 9. The tritium (3H) labeling index of the basal cells of biopsy samples
incubated in 3H-thymidine at various times after the radiation doses
indicated. Time zero was the time of the 14C-thymidine injection.

The error bars indicate the standard error of the mean count.

Figure 10. The carbon-14 labeling index of the rat basal cells at various times at
14
C

injection. The error bars indicate the standard error of the mean

the radiation doses indicated. Time zero was the time of the
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Figure 11. Labeled S-phase curves in rat epidermis. The proportion of S-phase
cells showing 1d’C labeling as a function of time at the various radi-

ation doses as indicated.

1

Time zero was the time of the 4C~-thymidine injection. The error

bars indicate the standard error of the mean count.

14C

Figure 12. The proportion of -labeled cells entering S-phase as a function of

time at the various radiation doses as indicated. Doubly labeled
basal cells as a percentage of 14C-labeled basal cells versus time.
Time zero was the time of the 14C-t:hyrnidine injection. The error

bars indicate the standard error of the mean count.

Figure 13. The total number of epidermal cells per unit distance along the base-
ment membrane on sections. The data are presented as a percentage

of number at 18 hrs for each curve.
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TABLE!

Distribution of Grains and Tracks in Emulsions

Average Grain and Track Counts were Determined Within the Area of a Nucleus in
the First Emulsion and Within a Square 13p on a Side in the Second Emulsion

Cells with 1+C only Cells with °H only Background
Grains Tracks Grains Tracks Grains  Tracks
First 43 - 90 - 1.1 -
Emulsion
Second >4 6.0 12 0.8 12 0.8
Emulsion
TABLE 11

3H Labeling Index in the Vicinity of a Biopsy Wound
as a Function of Time and Distance from the Wound

Time after Distance from Wound (mm)
Wound (hrs) 0-3 3.6 6-9
0 1.8 2.1 2.3

24 8.0 2.2 2.2

48 2.4 4.1 3.8

96 2.6 1.8 2.2
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