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being most pronounced at lower doses. This is not unexpected, as
a-particles are more effective at inducing DNA damage than are X- or
y-rays (20â€”22). Interestingly, exposure to 5 cGy of X-rays caused no

increase in p53 levels over those seen in unexposed controls, indicat
ing that a threshold for the induction of accumulation of p53 protein
in the nucleus may exist. Alternatively, any DNA damage may have
been repaired by the time the cells were analyzed.

Differences between a-particles and X-rays were apparent in the
kinetics of the p53 response as well as the dose-dependent response.
The number of p53-positive cells had reached a maximum value by 8
h following exposure to 1 Gy of X-rays; this time was prolonged to
about 20 h following 28 cGy a-particle exposure. Lu and Lane (6)
have reported a similar difference in time to maximal induction of p53
between X-ray and UV exposure. At 48 h after both a and X-ray
exposures, the number of p53-positive LECS remained elevated, al
though p53 levels appeared to be declining in the X-ray-exposed cells
by that time. Prolonged increases in p53 levels may be a marker for
cells that have sustained large amounts of DNA damage and cannot
proceed through the cell cycle. A similar sustained increase in p53
levels has been seen in the presence of inhibitors of double strand
break repair (6) and in mouse L929 cells exposed to chemotherapeutic
agents (7).

A wide variation in p53 response kinetics has been reported for
various cell types and exposure agents. Both Kastan et a!. (3) and Lu
and Lane (6) have reported fairly rapid and transient elevations in p53
levels in mouse prostate and human hematopoietic cells, respectively,
exposed to X-rays, while Khanna and Lavin (18) observed a sustained
response in Epstein-Barr virus-transformed human lymphoblastoid
cells. In contrast, exposure to UV (6, 18, 29) or to mitomycin C (7)
produces prolonged increases in p53 in a variety of cell types; the time
required to reach maximal p53 levels is also prolonged compared to
that seen following X-ray treatment. Delmolino et a!. (30) have
reported that the p53 protein in unexposed mammary epithelial cells
is more stable (protein half life of >3 h) than that in mammary
fibroblasts (protein half life <15 mm). Thus, both cell type and kind
of DNA damage appear to influence the kinetics of the p53 response.

Nelson and Kastan (31) have reported that, following exposure to
Uv at levels insufficient to cause directly DNA strand breaks, wild

type p53 levels are increased in normal human lymphoblasts, presum
ably due to the presence of DNA strand breaks resulting from exci
sion-repair thymidine dimers. However, the presence of an actual
DNA damage threshold for induction of p53, as was observed fol
lowing low-dose X-ray exposure, would imply that the concept of
RBE (used to compare the abilities of various ionizing radiations to
cause the same effects) as applied to differences in DNA damage and
repair may have to be used with caution or may, in fact, be meaning
less, because the RBE values are dose dependent. Khadim et a!. (32)
have expressed a similar caution following their findings that the
clonal descendants of a-irradiated, but not X-irradiated, hematopoi
etic stem cells have a high incidence of nonclonal chromosomal
aberrations.

a radiation is particulate, and exposure to an a-particle source of a
given activity actually represents exposure to a defined number of
particles. It is, therefore, possible to calculate the percentage of cells
traversed by an a-particle during the exposure. The critical target for
DNA damage following a-particle exposure is presumed to be the
nucleus (16). Thus, only those cells whose nuclei sustain direct
a-particle hits would be expected to have single- and double-strand
DNA breaks, and only those cells would be predicted to have in
creased levels of the p53 protein in response to this damage. However,
in the current study, more LECS showed increased p53 levels than
would be predicted based on the number of nuclei traversed by an
a-particle. Our results are in conflict with the general presumption
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number of cells predicted to be p53-positive (based on the experi
mental data) until approximately 25% of the nuclei are hit, which
corresponds to a dose of 28 cGy.

Discussion

A wide variety of DNA-damaging agents has been shown to cause
increased p53 levels in exposed cells (2, 3, 7, 17). a-Radiation,
another DNA-damaging agent, has now been shown to cause in
creases in p53 levels as well. Exposure of LECs to a-particles pro
duced a nonlinear, dose-dependent increase in the number of cells
staining positive for p53, and a plateau was seen at the higher doses
tested. Both the dose-dependent increase in p53 levels and the plateau
effect at higher doses were also observed following X-ray exposure;
these phenomena have been reported by others, as well, following
exposure both to low LET radiation (6, 18) and UV (2, 6, 17).

Cells treated with restriction endonucleases also show a marked
induction of p53, and agents that delay DNA repair, such as 3-ami
nobenzidine, cause sustained induction of p53 following X irradiation
(6). Thedifferingkineticsof p53expressionfollowingexposureto
X-rays (3, 6) and UV (6) are thought to be related to the degree and
type of DNA damage induced by these agents. Fornace (19) has
shown that at doses producing the same lethality, UV produces 100
times the number of DNA lesions produced by sparsely ionizing
radiation. The spectrum of DNA damage following X-ray exposure

involves the induction of 10â€”20single-strand breaks for every dou
ble-strand break (20). In contrast, a-particles cause approximately
equal numbers of single- and double-strand breaks (21), and a-parti
des are 23â€”40times as effective as X and y rays at producing genetic
damage (22).

The repair of X-ray- and a-particle-induced DNA damage also
appears to differ. Fibroblast cell lines originating from ataxia telan
giectasia patients are described as being hypersensitive to ionizing
radiation (23). However, LÃ¼cke-Huhleet al. (24) and Coquerelle et a!.
(25) have shown that ataxia telangiectasia fibroblasts and fibroblasts
from unaffected patients are equally sensitive to ionizing radiation in
the form of a-particles. Therefore, the level and kinetics of p53
induction following a-particle irradiation might be expected to differ
from those seen following X-irradiation.

The method used to analyze the flow cytometric data, the cumula
tive subtraction method, gives a conservative estimate of the number
of p53-positive cells, because there is significant overlap between the
fluorescence histograms for control and irradiated cells. Lampariello
(14) has developed a mathematical method for quantifying positive
cells using fluorescence data. That method is not applicable to the data
presented in this paper. However, Lampariello (14) shows, using
artificial mixing of test and control histograms, that the cumulative
subtraction method underestimates the actual proportion of the artifi
cially derived histogram attributable to the test histogram by 7â€”35%.
If the results of the current study underestimate the number of p53-
positive cells to a similar degree, the actual number of positive cells
may be as high as 50% of all cells at the highest a-particle doses
examined.

Doses of a radiation as low as 0.6 cGy were effective in inducing
a detectable increase in the number of p53-positive cells. This dose is
equivalent to 20â€”60working level months (26â€”28),which is within
the values reported for cumulative lifetime exposure to radon progeny
in the home (10). Therefore, one plausible extension of this relation
ship is that significant genotoxic damage to the epithelial cells of the
lung may result from inhalation of radon progeny at concentrations
present in homes.

The p53 response following a irradiation was greater than that seen
following exposure to the same dose of X-rays, with the difference
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that relevant damage from an a-particle is restricted to the nucleus;
however, two other recent reports (15, 33) corroborate our results. In
both of these cases, the number of cells exhibiting genotoxicity
exceeded the predicted number of nuclei traversed by an a-particle.
These observations coupled with ours imply that the critical target for

a-particle exposure is not merely the nucleus but the whole cell.
The potential role of exposure to elevated levels of radon in the

home in lung carcinogenesis is of concern to regulatory agencies and
to the general population. Because of this concern, various countries

have proposed action levels for exposure to radon progeny. These
action levels are based upon estimates of the radiation dose to the
nuclei of the basal and secretory cells of the respiratory epithelium.
However, the data presented herein, coupled with the reports of
Brooks et a!. (15) and Nagasawa and Little (33), make a plausible case
for concluding that calculation of the radiation dose to the whole cell
is more appropriate for estimating the cancer risk from inhaled radon.

As a consequence, what is considered a â€œsafeâ€•level of exposure to
radon may require modification.
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