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Abstract

The objective of this study was to investigate the effect of non-targeted cellular mechanisms on the shape
of the lung cancer risk function at low, chronic exposure, relative to the targeted effects induced by alpha
particles. The biological endpoint studied in this paper was oncogenic transformation, assumed to be a
fundamental step in the induction of carcinogenesis.

An initiation-promotion model was proposed for the assessment of lung cancer risk due to the targeted
cellular effects. In general, non-targeted effects such as genomic instability and bystander effects amplify
the biological effectiveness of a given radiation dose by actually increasing the number of cells affected, in
comparison to the number of cells directly irradiated. On the other hand, mechanisms such as induction of
apoptosis and adaptive response usually decrease the risk values and thus could be regarded as defense
mechanisms against oncogenesis.

The non-targeted effects modifying the initial response at the cellular level that will be more thoroughly
studied in this paper are genomic instability and induction of apoptosis by surrounding cells.
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1. Introduction

Before the newly observed non-targeted cellular effects were considered, mathematical
models that assumed cells have sensitive targets that could be “hit” and therefore damaged by
radiation, were used to quantify radiation effects, although the mechanisms implied in
damaging the targets were not fully known [1]. This study presents such an initiation-
promotion (IP) model, which considers the number of hits in the assessment of lung cancer
risk induced by radon when quantifying the damage directly induced by the deposition of
energy in the irradiated cell, but also incorporates non-targeted effects, such as genomic
instability and induction of apoptosis. Almost all human tumors show non-targeted effects,
i.e. genomic instability, [2] manifested as a diverse set of biological endpoints including
cellular transformation [3]. The impact of the indirect radiation induced mechanisms on
oncogenic transformation was selected, because there are more quantitative experimental in
vitro data available for this biological endpoint [4], [5], [6]. The objective of the present study

was to explore the role of non-targeted cellular radiation effects on the shape of the dose-
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effect curve in the low dose region, i.e. to investigate whether these mechanisms will increase

or decrease lung cancer risk at radon exposure levels characteristic of indoor exposures.

2. 1. The Initiation-Promotion Model

In the present initiation-promotion (IP) model, which represents a simplified version of
the state-vector-model (SVM) of radiation carcinogenesis [7, 8], lung cancer risk R(D) is
expressed as the product of the initiation function I(D) and the promotion function P(D).
Initiation and promotion functions were derived from experimentally observed in vitro
oncogenic transformation TF (D,) and survival data for C3H 10T1/2 mouse cells exposed to
charged particles of varying LET [5, 6] and rat tracheal epithelial (RTE) cells irradiated with
*! Am alpha particles [4].

The lung cancer risk R(D) induced by exposure to radon is given by:
RD)=C-3TFD,) -+ 4sp-li=exoly- D1,
where A; is the normal mitotic rate of lung cells, equivalent to a cycle time of 30 days, which
may increase to A, the rate of division under conditions of extensive tissue damage and
cellular replacement, corresponding to a cycle time of approximately one day, p denotes the
probability that a progenitor cell will divide as a direct result of the inactivation of an
epithelial target cell [9], P, is the probability that a cell receives n hits, and C is a scaling
factor. More details about this model were described elsewhere [9].

For the comparison of model predictions with epidemiological data in the low exposure
region, the Czech miner data reported by Tomasek et al. [10] were used, applying a dose-
exposure conversion factor of 5 mGy/WLM [9]. In order to facilitate this comparison, all risk
functions were normalized to a relative risk (RR) of 4.44 at 135 WLM (0.675 Gy) for the
Czech miner data (note: the primary goal of this study was to examine the shape of the dose-
effect curve at low exposures and not the absolute number of lung cancer cases). The
calculations indicate excellent agreement between the epidemiologically observed relative

risk and the theoretically predicted risk, consistent with the linear- no threshold hypothesis.

3. Results and Discussions
Genomic Instability
There is sufficient in vitro evidence that both low and high LET radiations may
induce genomic instability in individual cells that is transmitted to their descendants,

producing cellular damage in the progeny of irradiated cells even after many generations [3].
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Thus, for protracted exposures, each cellular generation is affected by both direct exposure to
ionizing radiation and radiation-induced genetic alterations induced in preceding generations.
If genomic instability is incorporated into the IP-model, predicted risks (whether or not
this effect depends on radiation dose) are higher than estimated for direct radiation-induced
damage at all exposure levels. However, if normalized to a RR of 4.4 at 135 WLM (0.675
Gy), then the two scenarios produce different results. In case of independence of dose, the
shape of the dose-effect curve is not affected at all, while the dose dependency reduces the

risk in the low dose region relative to the higher doses (Figure 1).

g4

¢ Epidemiological data
m Model predictions

& Genomic instability

41| ® Induction of apoptosis

4.5 4

3.5 A

®
2 5]
@
= 25 1
&
4]
X e & &
1.5 4
M A
m
1w A
05
] 0.1 0.2 0.3 0.4 05 06 07
Dose (Gy)

FIG. 1: The effect of genomic instability and induction of apoptosis on lung cancer risk

Induction of Apoptosis by Surrounding Cells

Transformed cells produce superoxide anions in the surrounding microenvironment
that participate in intercellular signaling. These signals can be eliminated by their non-
transformed neighbors through intercellular induction of apoptosis [11]. This potential step
against oncogenesis results from a complex system of interactions of reactive oxygen and
nitrogen species, which do not require direct cell contact [12]. Available data suggest that
initiating events in the apoptotic cascade were induced in unexposed cells by a signal
produced by irradiated cells in the same population [13]. The experimental results reported by
Portess et al. [14] were chosen to explore the effect of induced apoptosis on oncogenic
transformation. In this study, transformed cells were forced into apoptosis by surrounding

non-transformed cells, stimulated by exposures to low doses of ionizing radiation, notably
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alpha particles [14]. The number of apoptotic cells in non-irradiated transformed cells
increased with dose in the low dose range, approaching a plateau value of about 20% at
around 100 mGy. While this effect decreases the carcinogenic risk at doses above 100 mGy
by 20%, this also implies that induced apoptosis is less effective at lower doses; this slightly

increases the risk at the lowest doses relative to higher doses (Figure 1).

4. Conclusions

Although the goal of the present study to investigate the effect of two non-targeted
mechanisms on the shape of the lung cancer risk function at chronic, low level exposures was
achieved, some limitations of the model have to be recognized. For example, the results of the
present study suggest that the effect of genomic instability and induction of apoptosis on the
shape of the dose-response relationship may be different than on the absolute values of lung
cancer cases. Indeed, genomic instability causes a substantial reduction of the risk at low
doses, while induction of apoptosis slightly increases the risk. Moreover, the indirect effects
described in this study indicate that the relevant target for the detrimental effects of radiation

may be much greater than single cells, e.g. a collection of cells or small tissue volumes.
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