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Summary The incidences of neoplastic transformation induced by °^Co

•y-rays in exponentially growing mouse embryo 10T1/2 cells were measured

following acute and protracted exposures. Delivery of °^Co Y-rays at a low

dose rate (0.1, 0.5, 2.5 rad/min) compared with a high dose rate (100 rad/min)

results in appreciable, dose rate dependent reductions in cell killing and,

independent of the effect on cell survival, reduces significantly the

incidence of neoplastic transformation. Exposure of exponentially growing

10T1/2 cells to a dose of y-rays in five equal daily fractions also

significantly reduces transformation frequency, compared with delivery in a

single dose, throughout the dose range examined (25-300 rads). The initial

parts of the induction curves are fitted quite well by a linear dose

dependence. The slopes of the regression lines for multifractionation

delivery or irradiation at 0.1 rad/min, are one-third and one-half,

respectively, of those for single exposures at a high dose rate. Increasing

the interfraction interval up to 48 hours, or reduction of the dose per

fraction further reduce incidence of neoplastic transformation. We conclude

that protracted exposures of low LET radiation result in a net "error-free"

repair of subtransformation damage.

Present address: Department of Radiology and Radiation Biology,
Colorado State University, Fort Collins, Colorado 80523, U.S.A.

Correspondence and reprints: A. Han

DISTRIBUTION OF TH! lEfIT IS UNLIMITED

The submitted manuscrrpt has been authored
by a contractor of the U. S- Government
under contract No. W-31 -109-ENG-3B.
Accordingly, the U. S. Government retains a
nonexclusive, royalty-iree license to publisn
or reproduce the published form of this
contribution, or allow others to do so, for
U. S. Govprnninni purposes.



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.



A. Han jit_ JJ1_. , Repair of neoplastic transformation 2

Introduction

It is well established that delivery of low LET radiation at reduced

rates is less effective than acute irradiation in tumor induction in animals

(Upton jit jil_.s 1970; Ullrich & Storer, 1979). We reported earlier that two-

dose fractionation of X-rays reduces neoplastic transformation in 10T1/2 cells

(Han & Elkind, 1979) and, consistent with this observation, we also found that

the incidences of transformation were appreciably reduced when 6 0Co Y-rays

were delivered at a low dose rate ( H a n ^ j i K , 1980). Our results thus

provide a cellular basis for understanding and interpreting dose rate

dependent changes in tumor induction by radiation in vivo. The results of in

vitro experiments can provide important insights concerning the biological

mechanisms of radiation action, and are relevant to the basic concepts used in

the assessment of the carcinogenic hazard of radiation exposure.

Materials and methods

The experiments were performed with mouse embryo-derived C3H/10T1/2 cells

developed by Reznikoff and co-workers (1973a). Cell culture stocks were

routinely grown at 37°C in large plastic T-flasks (75 cm2) in Eagle's basal

medium (Gibco) supplemented with 10% heat inactivated fetal calf serum.

(Sterile Systems, Inc.). Details of our experimental techniques for the assay

of transformation and methods used to calculate the frequencies have been

published (Han & Elkind, 1979; Han _et__a]_-, 1980). Neoplastic transformation

in 10T1/2 cells is expressed by the appearance of densely piled up colonies of

cells showing disorganized crissed-crossed pattern of growth (Reznikoff et

al., 1973a); cells from these foe' produce fibrosarcomas in mice (Reznikoff et

al., 1973b; Han & Elkind, 1979).
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To assess the effect of protracted exposures to 60Co Y-rays on neoplastic

transformation cells were exposed to various total doses, delivered in a

single exposure at a high dose rate (50 or 100 rad/min) or at a low dose rate

(0.1, 0.5, or 2.5 rad/min). Also, total doses from 25 to 300 rad were

delivered in five ecual fractions separated by 24 or 48 hours, or in 10 equal

daily fractions. In all experiments involving protracted irradiation, cells

were inoculated at low density and were allowed to grow for at least 48 hours

before the beginning of the irradiations to ensure that the cells were in

exponential growth. For single or fractionated delivery at a high dose rate,

irradiations were carried out at room temperature (~ 20°C) and the cells were

kept at 37°C between irradiations. For exposures at low dose rates, cells

were kept at 37°C in an incubator throughout irradiations. Immediately after

irradiation, suspensions of cells were prepared by trypsinization; after

appropriate dilutions, between 150-250 viable cells were inoculated per 90-mm

dish for determination of neoplastic transformation (Han & Elkind, 1979).

Survival was measured by colony formation and for any given radiation

protocol, transformation and survival were determined in the same experiment.

Irradiations were carried out with a Gammabeam-650 irradiator (Atomic

Energy of Canada, Ltd.). The source and dosimetry were previously described

in detail (Han j r t j i K , 1980).

Results and Discussion

The survival curves of 10T1/2 cells exposed to 60Co Y-rays at high (100

rad/min) and low (0.1, 0.5, 2.5 rad/min) dose rates are shown in Figure 1.

Consistent with our finding of survival sparing following fractionation of

X-ray dose in these cells (Han & Elkind, 1979), irradiation at low dose rates

results in higher survival, and changes in the final slopes of the survival
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curves are dose-rate dependent. The survival changes in Figure 1 are

qualitatively in agreement with other studies reported for mammalian cells

(see Fox & Nias, 1970, for review), and are a consequence of the repair of

sublethal damage during exposure (Fox & Nias, 1970).

Reductions in do?e rate result in significant reductions in the

frequencies of neoplastic transformation per surviving cell (Fig. 2, panels

B,C,D). Although the shapes of the induction curves at low dose rates are

similar to that for acute exposures (Figure 2, panel A), the curves for low

dose rates exhibit systematic reductions in the incidences of transformation

as the dose rate decreases. When transformation frequencies are expressed on

a "per surviving cell" basis, it is possible that decrease in the incidence is

influenced by the repair of sublethal damage. However, increase in survival,

at reduced dose rates, alone cannot fully account for the reductions in

frequencies shown in Figure 2, because if this had been the case, we would

have expected the quantitative changes in the incidence of neoplastic

transformation to reflect primarily the changes in cell survival, and this

expectation is clearly not supported by the data. However, it is important to

distinguish between the effects of the repair of sublethal damage from the

possible influence of the repair of subtransformation damage.

An analysis that enables such distinction is based on a proposal

introduced by Gray (1965) that radiation tumorigenesis in vivo consists

primarily of two concomitant processes: the tumor induction and the killing of

target cells. Because the induction process dominates the low dose region

where the survival is relatively high, and the killing process influences the

high dose region due to the increased killing of target cells, the tumor

induction curves typically would have a bell shape (e.g., Mole, 1983). When

incidences of transformation are expressed on a "per exposed cell" basis,
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i.e., when cell killing is not accounted for, and are plotted on linear

coordinates as in Figure 3, the ^suiting curves indeed have shapes

qualitatively similar to those for tumor induction in vivo, e.g., leukemia

induction (Upton et^aU, 1970; Mole, 1983). Using the high dose rate

induction curve (Figure 3A) and Gray's hypothesis, we can consider the

qualitative influences of the repair of sublethal damage only, or that plus

the repair of subtransformation damage on the incidences of transformation.

Tumor induction depends upon the number of cells at risk, but the

fraction of cells in vivo that survive given radiation protocol is not known,

whereas the survival curves of 10T1/2 cells at high and low dose rates were

measured. Therefore we can estimate the absolute frequency of transformation

by dividing observed frequency per exposed cell by the surviving fraction as a

function of dose. The curve labeled absolute frequency in Figure 3A is

derived in this way, and is the same as that in Figure 2A (except for the

change in the scale of the ordinate). By this approach we can estimate the

incidences of transformation if the only dose rate-dependent variable is the

surviving fraction. Using the absolute frequency curve of the high dose rate,

and accounting for cell survival at a reduced dose rate, we obtain the curves

labeled (abs. freq.Wsur. frac.) that lie below the absolute frequency curve

(Figure 3B,C,D). These curves approximate the induction curves as a

consequence of the repair of sublethal damage only. Thus, we may generalize

that the induction curve should fall between the observed high dose rate curve

and the absolute frequency curve if the incidence of transformation is

influenced only by the sparing in cell killing. However, if subtransfonnation

damage is repaired, in addition to sublethal damage, the low dose-rate

induction curve should lie below the curve that traces the effect of sublethal

damage repair only. It is clear that the low dose rate results
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(Figure 3B,C,D) are consistent with the repair of subtransformation damage in

addition to the repair of sublethal damage. The two repair processes, as

indicated !/ our results published elsewhere (Han & Elkind, 1979), may not be

entirely the same.

Irradiation at reduced dose rates may be approximated by radiation

exposures to multiple fractions at a high dose rate. In addition to being of

interest for further understanding of the cellular mechanisms of radiation

tumorigenesis, the multifractionation mode of radiation delivery is also

relevant to many epidemiological studies. Therefore, to explore further the

effect of dose protraction on neoplastic transformation, 10T1/2 cells were

exposed to total doses from 25 to 300 rads delivered in different numbers of

fractions and with different time intervals between fractions. The main

radiation protocol consisted of delivery of total doses from 25 to 300 rads in

five equal fractions separated by 24 hour intervals. Figure 4 shows the

incidences of transformation for cells given a single exposure at 0.1 rad/min

(closed circles) and for cells that received a given dose at high dose rate

either as a single dose (open circles), or in five daily fractions (open

squares). The low dose data are replotted from the initial portion of the

corresponding induction curve from Figure 2D to show more clearly the

reduction of transformation in the low dose region (25-150 rads) at 0.1

rad/min. Throughout the dose range shown, and regardless of the protraction

mode of radiation delivery, incidences of transformation are reduced and most

clearly indicate significant repair of subtransformation damage.

As indicated by the correlation coefficients in Figure 4, all the data

can be fitted quite well by a straight line. The slopes of the lines for low-

dose rate (0.1 rad/min) and for fractionated irradiation are about twofold and

threefold, respectively, less steep than the slope of the line for single
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exposures at 100 rads/min. The observed reductions in slope (Figure 4}

indicate that repair of subtransformation damage can occur even in the dose

range where transformation is linearly dependent upon dose. The linear dose

dependencies, in general, lead to the inference that they are nonmodifiable by

repair processes, and are dose-rate independent, due to the all-or-nothing

character of single hit action. Our data for cell transformation clearly

illustrate the potential role for repair processes in the dose range whsre the

effect varies linearly with dose, as has been already noted on theoretical

grounds (Elkind, 1977).

Even though the frequencies of neoplastic transformation are quite low

after radiation exposures in five daily fractions, we have extended the

protraction of the same total doses to five fractions separated by 48 hours

(total dose delivered over 8 days), and to 10 fractions separated by 24 hours

(total dose delivered over 9 days) to examine whether further decreases in

transformation occur (Table I). The data for these two radiation protocols

indicate further reduction in transformation frequencies from that shown in

Figure 4 for five daily exposures. However, the observed numbers of

transformed foci, thus far, are small and the errors are quite large, so that

the calculated frequencies are indistinguishable from the background.

Nevertheless, the general trend of the data (Table I) seems to suggest further

decrease in transformation with increased protraction of radiation delivery.

Finally, from a radiobiological standpoint the data for low dose rate

irradiation and fractionation are consistent with earlier work that shows

reduced transformation frequencies as a result of splitting a large total dose

into two fractions (Han & Elkind, 1979), and are also in agreement with

several animal studies that show reduced effects of protracted low LET

irradiation in tumor induction (e.g., Upton et al., 1970; Ullrich & Storer,
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1979). The results also suggest that, for extended periods of radiation

protraction and small doses per fraction, in contrast to the two-fraction data

for 5-hour interfraction interval (Borek & Hall, 1974; Miller _et j*T_., 1979), a

definite reduction in transformation occurs which is linearly dependent on

dose to at least a total dose of 300 rads. This is consistent with the

hypothesis of net error-free repair of the low LET subtransformation damage.

Acknowledgements We are indebted to E. M. Buess, J. L. Dainko, and P. J. Dale

for their assistance in the biological part of these experiments; and to G. L.

Holmblad, G. G. Fox, A. Shirvin, and J. E. Trier for dosimetric measurements

and operation of ^°Co Y-ray facility. This research was supported by the

U. S. Department of Energy under contract No. W-31-109-ENG-38 and by PHS grant

No. CA 29940 awarded by the National Cancer Institute, U. S. Department of

Human Health and Services.



A. Han ĵ t J J K , Repair of neoplastic transformation i

References

BOREK, C , & HALL, E.J. (1974). Effect of split doses of X-rays on neoplastic

transformation of single cells. Nature (Lond.), 252, 499.

ELKIND, M.M. (1977). The initial part of the survival curve: implications

for low dose, low dose-rate responses. Radiat. Res., 71, 9.

FOX, M., & NIAS, A.H.W. (1970). The influence of recovery from sublethal

damage on tha response of cells to protracted irradiation at low dose-

rate. Curr. Top. Radiat. Res., 7, 71.

GRAY, L.H. (1965). Radiation Biology and Cancer. In Cellular Radiation

Biology, p. 7. (Ed. Univ. of Texas, M. D. Anderson Hospital and Tumor

Inst.), The Williams and Wilkins Co.: Baltimore.

HAN, A., & ELKIND, M.M. (1979). Transformation of mouse C3H/10T1/2 cells by

single and fractionated doses of X-rays and fission-spectrum neutrons.

Cancer Res., 39, 123.

HAN, A., HILL, C.K., & ELKIND, M.M. (1980). Repair of cell killing and

neoplastic transformation at reduced dose rates of ^°Co y-rays. Cancer

Res., 40, 3328.

MILLER, R.C., HALL, E.J., & ROSSI, H.H. (1979). Oncogenic transformation of

mammalian cells in vitro with split doses of X-rays. Proc. Natl. Acad.

Sci. U.S.A.., 76, 5755.

MOLE, R. (1983) Dose response relations. In Radiation Carcinogenesis:

Epidemiology and Biologic Significance. Raven Press: New York. In

press.

REZNIKOFF, C.A., BRANKOW, D.W., & HEIDELBERGER, C. (1973a). Establishment and

characterization of a cloned line of C3H mouse embryo cells sensitive to

postconfluence inhibition of division. Cancer Res., 33, 3231.



A. Hanjrt jiT_., Repair of neoplastic transformation 10

REZNIKOFF, C.A., BERTRAM, J.S., BRANKOW, D.W., & HEIDELBERGER, C. (1973b).

Quantitative and qualitative studies of chemical transformation of cloned

C3H mouse embryo cells sensitive to postconfiuence inhibition of cell

division. Cancer Res., 33, 3239.

ULLRICH, R.L., & STORER, J.B. (1979). Influence of y-irradiation on the

development of neoplastic disease in mice. III. Dose rate effects.

Radiat. Res., 80, 325.

UPTON, A.C., RANDOLPH, M.L., & CONKLIN, J.W. (1970). Late effects of fast

neutrons and gamma-rays in mice as influenced by dose rate of irradiation:

induction of neoplasia. Radiat. Res., 41, 467.



irt>

TABLE I
TRANSFORMATION FREQUENCIES OF 10T1/2 CELLS

EXPOSED TO SINGLE AND FRACTIONATED DOSES OF 50CO GAMMA-RAYS

TOTAL DOSE

RAD

0

25

50

75

150

300

SINGLE

DOSE

0.103

0.70

1.18

2.37

H.3S

12.4

RANGE

1 S.E.

0.15
0.06

0.98
0.42

1.52
0.84

3.11
1.63

6.56
3.36

15.6
9.2

TRANSFORMATION FREQUENCY PER

5 FRACTIONS/

4 DAYS

—

0 «0.25)

0.25

0.56

1.37

2.37

RANGE

1 S.E.

—

—

0.5
0

0.93
0.17

2.16
0.58

3.55
1 .19

5 FRACTIONS/

8 DAYS

--

0.26

0.28

0 «0.30)

0.72

0.71

SURVIVOR X

RANGE

1 S.E.

—

0.52
0

0.56
0

—

1.23
0.21

1 .42
0

10"̂
10 FRACTIONS/

9 DAYS

—

0 (<1

0 (<1

0 (<1

1.66

2.57

.0)

.5)

.9)

RANGE

1 S.E.

—

—

—

—

3.20
0

4.38
0.76

TO

T3

a

o
•o

n

-s
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Figure Legends

Figure 1. Survival curves of 10T1/2 cells exposed to ^ C o y-rays at the

high dose rate of 100 rads/min (•) and low dose rates of 2.5 (o), 0.5 (•) and

0.1 rad/min ( D ) . Bars, S.E. of individual data points are shown where they

are longer than the points; P.E., plating efficiency; N, multiplicity. [From

A. Han, C. K. Hill & M. M. Elkind (1980) Cancer Res., 40, 3328.]

Figure 2. Frequency of neoplastic transformation frequencies of 10T1/2

cel#s induced by acute (A) and low dose rate irradiation with °^Co y-rays. B,

2.5 rads/min; C, 0.5 rad/min; D, 0.1 rad/min. Bars, S.E. of the pooled data

from 2-4 experiments; , induction curve for acute exposures from A. [From

A. Han, C. K. Hill & M. M. Elkind (1980) Cancer Res., 40, 3328.]

Figure 3. Transformation frequencies of 10T1/2 cells expressed per

irradiated cell exposed to 60Co y-rays delivered at high (A) and low (B,C,D)

dose rates. , in B,C,D indicates the curve labeled absolute frequency from

A (see text). Uncertainties are the same as in Figure 2, but are omitted for

clarity, (abs. freq.) x (surv. frac), absolute frequency x surviving

fraction. [From A. Han, C. K. Hill & M. M. Elkind (1980) Cancer Res., 40,

3328.]

Figure 4. The induction of neoplastic transformation in 10T1/2 cells by
60Co y-rays: (o) single exposure at 100 rad/min; (•) single exposure at 0.1

rad/min; id) five fractions separated by 24 hrs, at 50 rad/min. Bars

indicate standard error.
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TRANSFORMATION FREQUENCY PER SURVIVING CELL
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