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o A multistage cancer model that describes the putative rate-limiting steps in carcinogenesis is
developed and used to investigate the potential impact on cumulative lung cancer incidence of
the hormesis mechanisms suggested by Feinendegen and Pollycove. In the model, radiation and
endogenous processes damage the DNA of target cells in the lung. Some fraction of the misrepaired or
unrepaired DNA damage induces genomic instability and, ultimately, leads to the accumulation of
malignant cells. The model explicitly accounts for cell birth and death processes, the clonal expansion
of initiated cells, malignant conversion, and a lag period for tumor formation. Radioprotective
mechanisms are incorporated into the model by postulating dose and dose-rate-dependent radical
scavenging. The accuracy of DNA damage repair also depends on dose and dose rate. As currently
Sformulated, the model is most applicable to low-linear-energy-transfer (LET) radiation delivered at
low dose rates. Sensitivity studies are conducted to identify critical model inputs and to help define
the shapes of the cumulative lung cancer incidence curves that may arise when dose and dose-
rate-dependent cellular defense mechanisms are incorporated into a multistage cancer model. For
lung cancer, both linear no-threshold (LNT-), and non-LNT-shaped responses can be obtained. If
experiments demonstrate that the effects of DNA damage repair and radical scavenging are enhanced
at least three-fold under low-dose conditions, our studies would support the existence of U-shaped
responses. The overall fidelity of the DNA damage repair process may have a large impact on the
cumulative incidence of lung cancer. The reported studies also highlight the need to know whether
or not (or to what extent) multiply damaged DNA sites are formed by endogenous processes. Model
inputs that give rise to U-shaped responses are consistent with an effective cumulative lung cancer
incidence threshold that may be as high as 300 mGy (4 mGy per year for 75 years) for low-LET

radiation.
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INTRODUCTION

The biological significance of hormesis—the stimulating effect of sub-
inhibitory concentrations of any toxic substance on any organism (Dorland,
1974)—is highly controversial in the radiation research community and is
the subject of numerous publications. Becker (2002) criticized the conclu-
sion of Report No. 136 of the National Council on Radiation Protection
and Measurements (NCRP, 2001) that the linear no-threshold (LNT) model
was valid for characterizing low-dose radiation risks. Manifold review arti-
cles about chemical hormesis have been published (Calabrese and Baldwin,
2000, 2001a, 2001b, 2001c). However, strong criticism of radiation horme-
sis and threshold concepts have also been voiced (UNSCEAR 1993, 1994,
2000; Heitzmann and Wilson, 1997; BEIR VI, 1999; Mossman, 2001). The
evidence for and against hormesis has been summarized in several recent
articles in Science (Kaiser, 2003a, 2003b) and Scientific American (Renner,
2003).

Feinendegen et al. (1987, 1988) and Bond et al. (1987) provided sev-
eral explanations for the possible existence of radiation hormesis phenom-
ena. They stated that, in the low-dose region, radiation exerts protection
against other challenges involving radicals and thus causes a net beneficial
effect by temporarily shielding the hit cell against radicals produced through
endogenous processes (Feinendegen et al., 1987). Calabrese and Baldwin
(2001d) suggest that hormetic effects represent evolutionary-based adaptive
responses to environmentally induced disruptions in homeostasis. In con-
trast to these views, Crump et al. (1976) and Guess et al. (1977) pointed
out that many classes of cancer model predict that an incremental increase
in dose or dose rate will produce an incremental increase in the incidence
of cancer. They argue that, even if a biological event has a threshold or is
nonlinear, the existence of background cancers shows that this threshold
has already been exceeded because of the presence of pollutants in the en-
vironment. These sentiments are echoed by Slob (1999). However, these
ideas are premised on the belief that the relevant biological mechanisms
are invariant for the doses and dose rates of interest, and evidence casting
doubt on invariance of biological mechanisms with dose and dose rate is
accumulating.

Fleck et al. (1999) reviewed approaches to incorporate hormesis effects
into mathematical models for various in vivo and in vitro endpoints and
presented an approach to incorporate inducible repair and antioxidation
into an Armitage—-Doll-type cancer model. Schoéllnberger et al. (1999, 2001c,
2002a, 2002b) demonstrated that cellular defence mechanisms can be in-
corporated into multistage models for neoplastic transformation and used
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to explain nonlinear biological responses. Some studies have also been per-
formed to explain hormetic effects with mechanism-based cancer models
(Bogen, 1997, 1998, 2001; Andersen and Conolly, 1998; Downs and
Frankowski, 1998; Schollnberger et al., 2001a; Radivoyevitch et al., 2002).

Although uncertainties continue to surround the significance to tumori-
genesis of adaptive responses to DNA damage (UNSCEAR, 2000), we are
convinced that sufficient evidence has accumulated to warrant the develop-
ment of cancer models that include adaptive responses. These models can
then be used to help identify the conditions necessary to produce nonlinear
responses. For example, how big does a change in a cell’s repair or radical
scavenging capacity need to be to produce significant deviations from an
LNT type of response?

A central aim of this paper is to develop methods of including adap-
tations in DNA repair and radical scavenging into multistage cancer mod-
els. Toward this end, we have formulated a deterministic multistage can-
cer model that incorporates some of the cellular defense mechanisms pro-
posed by Pollycove and Feinendegen (2001). Multistage cancer models (e.g.,
Moolgavkar and Knudson, 1981; Leenhouts, 1999) and state-vector mod-
els (Scott, 1977; Scott and Ainsworth, 1980; Crawford-Brown and Hofmann,
1990; Schollnberger et al., 2001b) embody many of the key rate-limiting steps
that are believed to be involved in the pathogenesis of cancer. The second
goal of this paper is to use the proposed cancer model to investigate the
potential impact on lung cancer of radiologically induced changes in a cell’s
capacity for radical scavenging and DNA repair. The results of these stud-
ies are intended to provide quantitative predictions that can contribute to
the ongoing debate about the existence and potential impact of radiopro-
tective mechanisms under low dose and dose-rate exposure conditions. The
model is also used to examine the relative contributions that endogenous
processes and ionizing radiation may have on the cumulative incidence of
cancer.

STUDIES SUPPORTING OR REFUTING TOXICANT-INDUCED
ADAPTATIONS IN RADICAL SCAVENGING AND DNA REPAIR

Cells often display an adaptive response to fractionated doses of chemi-
cal and/or radiological agents (Raaphorst and Boyden, 1999; Ye et al., 1999;
Marples and Joiner, 2000). Transient up-regulation of one or more of the re-
pair pathways involved in the processing of multiply damaged sites [including
double-strand breaks (DSBs)] provide one plausible explanation for the ob-
served adaptations in cellular responses (reviewed by Joiner et al., 2001).
In vivo experiments have shown that low doses of radiation help protect
against radiation-induced myeloid leukemia (Mitchel et al., 1999) and spon-
taneous cancer in mice (Mitchel et al., 2003), and these phenomena may also
be related to adaptations in DNA repair processes.
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Le et al. (1998) demonstrated that an exposure of A549 cells (a human
lung carcinoma cell line) to a dose of 0.25 Gy 4 h before a dose of 2 Gy en-
hanced removal of thymine glycols after the higher dose. These data provide
evidence for an inducible repair response for radiation-induced damage to
DNA bases. Ye et al. (1999) found that the kinetics of nucleotide excision
repair (NER) in human cells is transiently enhanced when a chronic dose
of quinacrine mustard preceded a dose of ultraviolet radiation. Wolff (1995)
showed that human lymphocytes exposed to low doses of ionizing radiation
(IR) are less susceptible to the induction of cytogenetic damage (chromatid
aberrations) by subsequent high doses of X-rays. This adaptive response to
IR, which occurs after exposures that are so low (0.005-0.01 Gy) that they
do not induce discernible aberrations themselves, has been attributed to
the induction of a repair mechanism that causes the restitution of X-ray-
induced chromosome breaks (Wolff, 1998). Variations and the absence of
adaptive responses have also been reported (Jacobson-Kram and Williams,
1988; Bauchinger et al., 1989; Bosi and Olivieri, 1989; Sankaranarayanan
et al., 1989; Schmid et al., 1989; Hain et al., 1992; Muller et al., 1992; Wojcik
et al., 1992, 1993; Shadley, 1994; UNSCEAR, 1994; Vijayalaxmi et al., 1995;
Boothman et al., 1996; Raaphorst and Boyden, 1999; Sorensen et al., 2002).

Azzam et al. (1996) exposed quiescent mouse fibroblasts (C3H 10T1/2)
cells to doses of 1-100 mGy y-rays and observed that the risk of neoplastic
transformation was reduced from the spontaneous level to a rate three- to four-
fold below that level. They argued that these results demonstrate that low or
chronic exposure to radiation can induce processes that protect the cell
against naturally occurring as well as radiation-induced alterations leading
to cell transformation. Other data show a reduced TF/SC in C3H 10T1/2
cells caused by low-dose, low-dose-rate exposure prior to a large test dose
(Azzam et al., 1994a). These data also demonstrate areducing effect of various
adapting doses on radiation-induced micronucleus (MN) formation. The
reduction in MN frequency correlates with a reduction in the neoplastic
transformation frequency, suggesting that DSB repair may be enhanced by
pre-exposure to low-dose-rate irradiation (Azzam et al., 1994a, 1994b).

The increased capacity for DNA DSB repair (as measured by a reduction
in MN frequency) has recently been shown to be maximally induced in nor-
mal human fibroblasts at a dose of 1 mGy of y-rays, a dose where many cells
do notreceive one hit, indicating that bystander effects are involved (Broome
et al., 2002). The induced process is likely homologous recombination (HR),
a potentially error-free DSB repair mechanism. In yeast, the repair process
induced by radiation has unambiguously been shown to be HR (Mitchel
and Morrison, 1982). The data of Azzam et al. (1996) can be explained in
terms of a state-vector model (Schoéllnberger et al., 2002b). In this model,
HR is up-regulated by radiation and impacts on the repair of DSBs produced
through endogenous processes. The protective effects of low doses of y-rays
delivered at low dose rates, as discovered by Azzam and colleagues, have been
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confirmed by studies in human (HelLa) cells (Redpath and Antoniono, 1998;
Redpath et al., 2001).

Yamaoka et al. (1991) report increased superoxide dismutase (SOD) ac-
tivities induced by low doses of X-rays in rat organs. SOD activities in the
thymus, spleen, and bone marrow show a significant increase starting at very
low doses of a few mGy. Yukawa et al. (1999) showed a statistically signifi-
cant increase of radical scavenging ability of liver cytosol after a whole-body
irradiation of rats with 5 cGy X-rays. A small transient increase in radical
concentrations above the normal level in the cell can cause a measurable
activation of detoxification mechanisms, which will act on chemically and
radiologically induced radicals (UNSCEAR, 1994). Various other studies also
report on the induction of antioxidants through radiation (Zamboglou et al.,
1981; Feinendegen et al., 1984, 1987; Oberley et al., 1987; Summers et al. 1989;
Akashi et al., 1995; Wong et al., 1996; Hachiya et al., 1997; Kim et al., 1997;
Shimizu et al., 1998; Bravard et al., 1999; Morcillo et al., 2000; Guo et al., 2003).

Stecca and Gerber (1998) reviewed potential mechanisms of adaptive
response including the activation of later genes that can promote production
of growth factors and cytokines, trigger DNA repair, and regulate progress
through the cell cycle. Tuschl et al. (1980, 1983) report an enhanced repair
capacity for DNA damage after human occupational exposure to low doses of
IR. For amore comprehensive review of studies about low-dose adaptations in
biological responses at the cell, tissue, and organism levels, see, for example,
Feinendegen and Pollycove (2001).

Although the aforementioned studies provide extensive cellular evidence
for low-dose induced adaptations in DNA repair and radical scavenging, the
magnitude and potential importance of these phenomena for carcinogenesis
in vivo remain open to debate. UNSCEAR (2000), for example, states that
knowledge of inducible processes in mammalian cells is fragmentary and, in
some cases, controversial.

GENERAL FORMULATION OF THE MODEL

A conceptual view of the model is given in Figure 1. Cells in state 0 are
undamaged stem or other critical target cells in the human lung. Cells in
state 0 are converted to state 1 cells when they become damaged through
endogenous processes or by radiation. The latter comprises all background
radiation sources including a-particles from radon progeny. The parameter
k (yearfl) describes the rate at which undamaged cells acquire persistent
problematic genomic instability (Coleman and Tsongalis, 1995; Scott, 1997;
Hanawalt, 1998; Schmutte and Fishel, 1999). Cells in state 2 have a more
severe form of genomic instability than cells in state 1. State 2 cells are con-
sidered initiated or transformed cells. Cells in state 1 and 2 undergo mitotic
cell division atrates kp;; and kape, respectively. Cells are lost from state 1 and 2
through lethal chromosome aberrations and point mutations, apoptosis, and
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FIGURE 1 Conceptual overview of the multistage cancer model. Cells in state 0 are normal somatic
(stem) cells. State 0 cells require three critical mutational events to transition to a fully malignant state
(state 3). The model explicitly accounts for the formation of initiated cells via rate constant k, cell birth
(via mitotic rates ky;1 and kpe) and death processes (constant rates kg1 and kg9 that comprise necrosis,
apoptosis, and cell differentiation), malignant transformation (k,), and a lag period (#.g) for tumor
formation. Once initiated, cells cannot return to a normal (undamaged) state. Table 1 summarizes the
meaning of the model parameters and gives a range of biologically plausible values.

through terminal differentiation. The rate constants k;; and kg2 govern the
rate of cell loss from states 1 and 2, respectively; k41 and kg9 comprise necrosis,
apoptosis, and cell differentiation. In the model, apoptosis can eliminate cells
in states 1 and 2 regardless of whether they were formed through endoge-
nous damage or by radiation. Cells in states 1 and 2 undergo clonal expansion
when the rate of cell birth is greater than the rate of cell death/differentiation
(e.g., when kp1 > kq1). Cells in state 2 become malignant at rate &y, (year‘l).
These malignant cells then grow into a detectable tumor after lag period fag
(Leenhouts, 1999).

The following system of coupled, first-order differential equations models
the initiation of the critical (stem) cell population, the promotion (clonal
expansion) and malignant transformation of cells in the human body:

dNo (1)

= =0 (1)
%f” — kNo + kant N1 (2) — (kat + 1) N (1) )
%ﬁ” — KNL(D) + ha Na () — (haz + o) No (1) (3)
AN Na () 4)

dt
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Equation (1) implies that the total number of undamaged (stem) cells in the
human body (state 0) is constant from birth to death. All calculations reported
in this work are based on Ny = 107 cells in the human lung (Leenhouts and
Chadwick, 1994). The initial conditions are N;(0) = No(0) = N3(0) = 0;
that is, we assume that the average number of cells in stages N, No, and N3
is zero at birth.

A biologically plausible range of values for kg, the mitotic cell division
rate for stage 2 cells, is 1 to 100/year.* For state 1 cells, we assume that the
rate of mitotic cell division is approximately the same as the mitotic rate for
undamaged target cells in the lung; that is, kyn = 12/year (BEIR VI, 1999).
Initiated cells can undergo malignant transformation at rate k,, (year!).
Several lines of evidence suggest that the rate of malignant transformation is
not a strong function of dose or dose rate (reviewed by Schollnberger et al.,
2001a), and in this paper we assume the rate of malignant transformation
is independent of dose and dose rate, as others have done (Luebeck et al.,
1999). In this paper, all calculations are based on k,,, = 1075 /year (Luebeck
et al., 1999).

The expected number of detectable tumors per person at time ¢ is

N3(t - tlag), t> tlag

0, otherwise

Ny (1) = { (5)

where fj,g is the lag time required for a malignant cell to grow into a detectable
tumor. All calculations reported in this paper are based on the representa-
tive value #,o = 5 years (Leenhouts, 1999). When tumor incidence is low,
the distribution of the number of malignant tumors among a population
of individuals is reasonably described by a Poisson distribution (Leenhouts,
1999), and the probability N5(¢) that an individual in the population has one
or more tumors is given by

N5 (1) =1 —exp[—Ni(9)] (6)

The probability N;(¢) may be equated to cumulative incidence of cancer at
time ¢ (Leenhouts, 1999). For the special case when k, kyn, kmo, ka1, kao,
and k,, are independent of time, closed-form solutions to Eqgs. (1)-(6) can
be obtained using the variation of constants or eigenvalue methods (see
Appendix). Numerical solutions to the system of differential equations are
obtained using Microsoft Excel software and the closed-form solutions given
in the Appendix.

*E. G. Luebeck, Fred Hutchinson Cancer Research Center, personal communication.
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Models for DNA Repair and the Induction of Genomic Instability

The yield of nonlethal genetic alterations (point mutations and chromo-
some aberrations) produced in a cell by radiation can be plausibly linked
to the activation or inactivation of critical genes, the induction of genome
instability, and neoplastic transformation (Coleman and Tsongalis, 1995;
Hanawalt, 1998; Schmutte and Fishel, 1999). First, radiation creates a spec-
trum of randomly located DNA damage configurations. Then, biochemi-
cal repair processes convert a portion of the initial damage sites into point
mutations and chromosome aberrations. A subset of these genetic alter-
ations alters the function or expression of one or a few critical genes and
causes the genome to become unstable. It has been suggested that mutations
in the genes responsible for chromosomal segregation may be one of the
main targets for the induction of genome instability (Loeb and Loeb, 2000).
Mutational events that affect the mismatch repair system may be another
major route for the induction of genome instability (Loeb and Loeb, 2000).
Events initiated through intercellular signaling also contribute to genome
instability (Little, 2000).

To model the induction of genomic instability (i.e., the parameter £ in
Figure 1), the spectrum of all possible DNA damage configurationsis grouped
into simple lesions and complex lesions. Simple lesions are a collection of one or
more elementary damage sites that are arranged in the DNA such that the
template for repair is intact (undamaged). Because the template used in the
repair process is undamaged, the probability of misrepair is on the order of
1076 to0 1077 (Friedberg et al., 1995). Single-strand breaks (SSBs) and other
singly damaged sites [e.g., 8-oxoguanine (8-0xoG) or apurinic/apyrimidinic
(AP) sites] are examples of simple lesions. Complex lesions are the collection
of all DNA damage configurations composed of two or more damage sites
that are arranged in the DNA such that the template for repair is damaged in
some way. DSBs and some configurations of clustered or multiply damaged
DNA sites (Ward, 1988, 1994) are examples of complex lesions.

The rate and fidelity of DNA damage repair may be affected by a large
number of factors such as the availability of repair enzymes (i.e., repair satu-
ration; Goodhead, 1985; Wheeler and Nelson, 1987; Dikomey and Lorenzen,
1993), preferential repair of transcriptionally active DNA (Hanawalt, 1994;
Friedberg, 1996), and chromatin structure (Oleinick et al., 1984; Friedberg
et al., 1995; Wellinger and Thoma, 1997). The overall fidelity of the complex
lesion repair process is expected to be much lower than the fidelity of re-
pair for simple lesions (Ward, 1988, 1994; Goodhead et al., 1993; Goodhead,
1994). The probability a complex lesion is misrepaired by nonhomologous
end-joining (NHEJ) may approach unity. Excision repair of some multi-
ply damaged site configurations may also have a high probability of incor-
rect repair. On the other hand, HR of a complex lesion is a potentially
error-free repair process (Alberts, et al., 2002; Symington, 2002). In yeast,
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radiation-induced adaptations in recombinational repair have been shown to
process at least some of the lesions produced by the chemical agent MNNG
(Mitchel and Morrison, 1986, 1987; Boreham and Mitchel, 1991). These
studies provide some support for the hypothesis that radiologically induced
adaptations in DNA repair may impact on the repair of DNA damage caused
by other enviornmental toxicants as well as the DNA damages formed through
endogenous processes.

Although the kinetics and accuracy of DNA damage repair are due to the
interplay among many factors and processes, DNA damage is often removed
with approximately first-order kinetics (Frankenberg-Schwager, 1990). The
rate of change in the expected number of simple or complex lesions per cell
at time ¢ may thus be written as

% = pendo posradpy 3 LL(1) (7)
where ,;(t) is the expected number of simple or complex lesions per cell
at time ¢, Ef“do is the expected number of ith type (simple or complex)
lesion created by endogenous processes (cell~! year™1), Z{ad is the expected
number of ith type lesion created by radiation (mGy~! cell™!), Dis the dose
rate (mGy/yr), and A; (year_l) is the rate of lesions removal (correct or
incorrect repair). The mutation rate at time ¢ is

dM(t)
d¢

= Z @iriLi(1) (8)

where g; is the probability the ith type of lesion is misrepaired. The quantity
(1 — ¢;) is the probability the ith type of lesion is repaired correctly. On
biophysical grounds, ¢; must be in the range [0, 1].

For protracted irradiation conditions, dZ;/d¢ — 0 and Eq. (7) can be
rearranged to give

I = (E?ndo + E;adD)/)ui (9)

After substitution of Eq. (9) into Eq. (8) and rearranging terms, the mutation
rate under equilibrium (protracted irradiation) conditions can be expressed
as

dM . .
- = Z giri(Z0 4 24D) /o, = Z%(zfﬂdo + =4D) (10)
1 1

Equation (10) implies that the mutation rate is independent of the rate of
damage repair for protracted exposure conditions (i.e., independent of A;).
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The key repair parameter that determines the mutation rate is the probability
of lesion misrepair, @;.

To complete the model, assume that the rate at which genomic instability
is induced in state 0 and state 1 cells is proportional to the mutation rate;
that is,

M d d 7
h=Q—- = Q;(pi(Efn °+ i) (11)

The parameter 2 is the probability that a mutation formed at a random lo-
cation in the DNA induces genomic instability by modifying the expression
or function of a critical gene. At least 130 human genes are directly involved
in the repair of DNA damage (Wood et al., 2001). Hundreds or thousands of
other nonrepair genes may indirectly affect damage repair, DNA replication,
or chromosomal segregation. A mutational event that alters any one of these
genes could induce some form of genomic instability, and the severity of
the induced genomic instability most likely depends on the specific gene or
combinations of genes damaged through mutation. The most critical gene
targets for the induction of genomic instability are not known. Epigenetic
effects (i.e., intercellular signaling events) also contribute to genomic insta-
bility, although these phenomena are neglected in the current model.

A reasonable range of values of € can be estimated by multiplying the
total number of target genes times the average gene size and then dividing by
the total genome size. The human genome contains approximately 2.91 x 10°
base pair (bp) and 25,000 to 40,000 genes (Venter et al., 2001). The average
size of a human gene is approximately 27,000 bp (Venter et al., 2001). There-
fore, if all genes are potential targets for the induction of genomic instability,
€ may be as high as to 0.232 to 0.371. Damage to noncoding sections of the
DNA may also contribute to the induction of genomic instability (increase
2) by disrupting signaling pathways or altering gene expression. If only a
few tens or hundreds of genes are critical to maintaining genome stability, 2
may be as low as 10~* to 1072, The results shown in the Figures of the Results
section are based on = 2.958 x 1072,

MODELS FOR RADIATION HORMESIS MECHANISMS

Equation (11) defines the rate at which genomic instability is induced
when cellular defense mechanisms remain constant at all radiation expo-
sure levels (i.e., in the absence of toxicant-induced adaptations in the biosys-
tems involved in the prevention, repair, or removal of genetic damage).
Feinendegen et al. (2004) have suggested that exposure to low doses of acute
and also chronic IR with repetitive energy-deposition events in defined micro-
masses (e.g., the cell) stimulates cellular defense mechanisms and reduces
the cumulative mutational load associated with aging, disease, and cancer.
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Ultimately, they argue that exposure to low levels of IR tends to reduce
mortality from all causes, decrease the cancer mortality, and may even be
protective against accidental high-level radiation exposures (Feinendegen
et al., 2004). In this section, the genomic instability model is extended to
account for putative toxicant-induced adaptations in cellular repair systems
as well as for toxicant-induced adaptations in the radical scavenging capacity
of a cell. The experimental evidence suggesting the existence of radiopro-
tective effects mainly comes from experiments performed with low doses of
low-linear-energy-transfer (LET) radiation (e.g., Azzam et al., 1994a, 1996;
Redpath and Antoniono, 1998; Redpath et al., 2001, 2003a, 2003b; Mitchel
et al., 2003; Pant et al., 2003), and the proposed model may be more appro-
priate for y-and X-rays than for high-LET radiations, such as a-particles from
randon progeny.

To incorporate adaptive and protective mechanisms induced by low-LET
radiation into the genomic instability model, rewrite Eq. (11) as

k=Q) 92+ 2D) /[Gi(D) E(D)] (12)

where Gl-(D) is a dimensionless function that accounts for changes in ¢; as
a function of dose rate, and E(D) is a dimensionless function that accounts
for changes in the radical scavenging capacity of a cell (and hence the initial
yield of DNA damage) as a function of dose rate. The subscript i indicates the
type of damage (simple or complex). The probability of correct lesion repair,
1 — ¢;, is enhanced for values of G; (D) greater than 1 and reduced for values
of GZ-(D) less than 1. Values of E;(D) greater than 1 indicate that enhanced
radical scavenging reduces the initial yield of DNA damage. For the special
case when G;(D) = F(D) = 1, Eq. (12) reduces to the genomic instability
model without toxicant-induced adaptations in cellular defense mechanisms
[i.e.,, Eq. (11)].

Two hypotheses are implicit in Eq. (12). Hypothesis 1 is that cells that are
damaged by low-LET radiation alter radical scavenging or DNA repair in a
way that reduces the impact of later doses of radiation. Hypothesis 2 is that
cells that are damaged by radiation alter radical scavenging or DNA repair in
a way that reduces the impact of damage formed through endogenous pro-
cesses. Either or both of these modes of action may reduce the overall chance
that radiation will induce genomic instability and, ultimately, cancer. Micro-
dosimetric considerations provide some useful insights into the plausibility
of hypothesis 1 for doses and dose rates typical of background radiation. The
average annual dose rate from background radiation in the United States
is 3.0 mGy/year (NCRP, 1987). In other regions of the world, the dose rate
from background radiation may vary as much as 10-fold (UNSCEAR, 2000).

The frequency-mean specific energy per hit (ICRU, 1983), denoted zp,
is 350 mGy for 4 MeV a-particles and 0.4 mGy for Cs-137 y-rays (Table 1 in
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Feinendegen et al., 1996). The average time between two consecutive hits to
the same cell may be expressed as z/ D. For dose rates in the range from 1 to
3 mGy/year (i.e., bracketing the U.S. average), the average time between two
consecutive radiation hits is on the order 50 to 150 days for low-LET radiation
and from 100 to 350 years (!) for a-particles. Most of the in vitro and in vivo
studies suggest that cells return to the baseline (nonadapted) state within a
few hours, days, or perhaps weeks. Under low-dose-rate conditions, almost all
cells return to the nonadapted state before they are again hit by radiation.
As long as the dose rate is sufficiently low, this statement is true even if the
total accumulated dose is quite large. Microdosimetric considerations such
as these argue against hypothesis 1 for low dose rates. However endogenous
processes create a large amount of DNA damage every day (e.g., see Table 1),
and therefore microdosimetric arguments do not exclude hypothesis 2.

Radiation-damaged cells may also generate signals that enhance radical
scavenging and DNA repair (Broome et al., 2002; Iyer and Lehnert, 2002a,
2002b) in nearby undamaged cells. These bystander effects would then, in
effect, amplify the adaptive response of the tissue beyond the response ex-
pected from the relatively few radiation-damaged cells. The dimensionless
radioprotective functions G(D) and F (D) may be taken to represent the
net change in radical scavenging and DNA repair produced in the directly
damaged and bystander cells.

To simplify the modeling, assume that adaptations in cellular defense
mechanisms are indentical for both simple and complex lesions; that is,
Gi(D) — G(D) and E(D) — F(D). Also, although large changes in the
radical-scavenging capacity of a cell can modulate the amount of radiation
damage (Ward et al., 1985; Milligan et al., 1993), the indirect action of radi-
ation on the DNA is associated with radicals formed within about 1 to 4 nm
form the DNA (Brenner and Ward, 1992). For the range of radical-scavenging
capacities expected in living cells, the effects of small perturbations in the
radical-scavenging capacity of a cell will have a negligible impact on the ini-
tial yield of radiation damage (see also Fleck et al., 1999; Schollnberger et al.,
2001a). Thus, Eq. (12) becomes

Q

b= i ; gndo : yad 8 13
—G(D)ng(zl /F(D) + =*D) (13)

i

The shape and magnitude of G(D) and F(D) as a function of dose rate
is unknown at present. However, Pollycove and Feinendegen (2001) have
suggested cellular adaptations in DNA repair processes and in the radical-
scavenging capacity of a cell increase with increasing dose up to about
200 mGy and then decrease with increasing dose (see Figure 5 in Pollycove
and Feinendegen, 2001). A 200-mGy dose of radiation corresponds to an
average lifetime (75-year) dose rate of 2.67 mGy/yr.
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For doses above about 500 mGy, Pollycove and Feinendegen suggest that
the cellular defense mechanisms approach the baseline (background radi-
ation) level or may even be suppressed below the baseline level (Pollycove
and Feinendegen, 2001), presumably because of radiation damage to regula-
tory or rate-limiting biomolecules involved in the repair or radical-scavenging
process. For doses below at least several grays or tens of grays, the hypothesis
that radiation damage to regulatory or rate-limiting biomolecules has a sig-
nificant impact on damage repair or radical scavenging is highly debatable.
Nevertheless, a central aim of the current article is to explore the potential
impact and conditions under which the Pollycove and Feinendegen (2001)
hormesis mechanisms give rise to non-LNT-shaped biological responses.

The trends in low-dose cellular defense mechanism suggested by Polly-
cove and Feinendegen can be mimicked using a normal distribution with an
appropriate mean, variance, and adjustable offset:

F(D) = As {1+ By exp[—C{(D — D)*1} (14)
and
G(D) = A1 + By exp[—Co(D— Dy)*1} (15)

The parameters Ay, B, Cj, Ay, By, and C, are nonnegative adjustable pa-
rameters, and Df and Dg are approximately equal to 2.67 mGy/year (i.e.,
approximately equal to the background dose rate in the United States).

Figure 2 shows two representative examples of the dimensionless DNA re-
pair function, G(D). The absorbed dose rate in Eq. (15) is the total delivered
dose divided by 75 years (e.g., a 75 mGy delivered dose corresponds to an an-
nual dose rate of 1 mGy/year). The parameters A;, By, Ag, and B, determine
the magnitude of cellular adaptation (peak value), Cyand G, determlne the
width of the peak along the dose axis, and D rand D determine the location
of the peak along the dose axis. When Ay = A, = 1 and By= B, = 0, DNA
repair and radical-scavenging processes become independent of dose and
dose rate. The dimensionless radical-scavenger function, F'(D), has the same
functional form (overall shape) as the repair function.

In addition to fitting €2 as discussed earlier, the values of parameters Ay,
By, C;, Ag, By, and C, were also determined by data fitting as follows. To
produce, for example, an F(D) function with corresponding F(0 mGy) =
F(1000 mGy) = 1 and F(200 mGy) = 3, the Excel solver was used to opti-
mize the values of Ay, By, and Cj so that the constraints at 0, 200, and 1,000
mGy were met. Thereafter, these functional forms for F and G were used to
produce Figures 4 and 5 (see Results section).
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FIGURE 2 Representative examples of the dimensionless DNA repair function, G( D). The mathematical
form of the DNA repair function is given by Eq. (15). The dose rate used in Eq. (15) is the total delivered
dose divided by 75 years. Solid line: Ag =1, Bg =2, Cg =1.333 (mGy/year)_2, and Dg = 2.67 mGy/year;
dashed line: Ag =1, B, = 0.4, Cg = 1.333 (mGy/year)_2, and Dg = 2.67 mGy/year. The vertical
dotted lines indicate the typical dose range expected from naturally occurring radiation sources (i.e.,
background radiation). The lower dose bound is set at 75 mGy (1 mGy/year), and the upper dose bound
is set at 225 mGy (3 mGy/year).

RESULTS

A perennial challenge in mechanism-based modeling of cancer is that the
number of adjustable model inputs is often larger than can be directly esti-
mated from the available epidemiological and experimental data. The multi-
stage model formulated in this work requires a total of 14 parameters plus the
parameters associated with F (D) and G(D). We have attempted to circum-
vent parameter estimation difficulties by estimating as many of these param-
eters as possible using secondary data sources. For example, the initial yield
of DNA damage induced by radiation is based on information from in vitro
studies (Ward, 1985, 1988). Alternatively, estimates of several key model in-
puts, such as cell birth and death rates and the lag time for a malignant cell
to grow into a detectable tumor, are estimated from other published studies
(Leenhouts, 1999; Luebeck et al., 1999). Except where explicitly noted other-
wise, the parameter values summarized in Table 1, termed the best estimate
parameters, are used in all of the reported sensitivity studies (refer also to
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FIGURE 3 Contribution to cumulative lung-cancer incidence of DNA damage formed by endogenous
processes and ionizing radiation. Except where explicitly noted otherwise, calculations are based on
the best-estimate parameters listed in Table 1. Protective effects are not included in this set of calcu-
lations (i.e., Ay = A, = 1 and By = B, = 0). Solid line: DNA damage formed by ionizing radia-
tion and endogenous processes; dashed line: endogenous processes do not create any DNA damage
(zendo = yendo — ); dotted line: DNA damage formed by ionizing radiation and endogenous processes
with £4° = 0.1/cell/year and adjusted values for Q and ¢,;. Left panel: semi-log plot of cumulative in-
cidence versus dose; right panel: log-log plot of cumulative incidence versus dose (expanded dose scale).
The vertical dotted lines indicate the typical dose range expected from naturally occurring radiation
sources (lower bound corresponds to 1 mGy/year and the upper bound corresponds to 3 mGy/year).

Figure 1). Table 1 also lists the estimated range and meaning of all model
parameters.

Figure 3 shows the model-predicted cumulative lung-cancer incidence
level for the best-estimate parameter values listed in Table 1 (no protective
effects) with (solid line) and without (dashed line) the endogenous DNA
damage terms (i.e., Zflndo = Eflndo = 0). Figure 3 (dotted line) also shows
the model-predicted cumulative lung-cancer incidence level with T4 =
0.1cell”! yea\r_1 instead of the default (Table 1) value of Eflndo =3.23%x107°
cell !year~! (8.84x 1078 cell™! day~!). In the model calculations thatinclude
the endogenous and radiation DNA damage mechanisms (solid line), the
predicted cumulative cancer incidence level at 1 Gy is 1.2 x 1073, This value
was found by fitting the model to three ICRP-derived risk values at 75, 225,
and 1,000 mGy. The probability of fatal lung cancer is 0.85 x 10~2 Sy~! (ICRP,
1991). With 1 Sv = wt wr Gy and wt = 0.12 for the lung and wr = 1 we geta
risk estimate of 1.02 x 10~3 Gy~! for lung cancer fatality; wg = 1 needs to be
taken because, beyond the background dose rates of 1-3 mGy/year, our anal-
ysis is restricted to low-LET radiation. The relative 1- and 5-year survival rate
for all lung cancer sites is 41 and 15%, respectively (ACS, 2002). The ICRP’s
risk estimate thus corresponds to a cumulative lung-cancer incidence level in
the range from 1.2 x 1073 Gy~! to 1.7 x 1073 Gy~!. The best estimate values
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reported in Table 1 for, Q, ¢, and ' were estimated by fitting the model
to 1.2 x 1072 and to linear extrapolations of this value for 75 and 225 mGy.

In the absence of radiation (i.e., the 0 mGy delivered dose), the model
predicts that DNA damage from endogenous sources results in a cumulative
cancer incidence level of 9.2 x 1075 after 75 years. For total delivered doses
in the range from 75 to 225 mGy (i.e., the range of exposure levels arising
from environmental sources of radiation), the model predicts a cumulative
incidence level in the range from 1.3 x 107* to 2.3 x 10~*. For comparison,
linear extrapolation of the ICRP risk estimates from 1 Gy to background
radiation levels gives cumulative incidence projections in the range from
9.0 x 1072 to 3.8 x 107%. The model predictions that use the best-estimate
parameters listed in Table 1 are in reasonable agreementwith the ICRP values
at 1 Gy and at background radiation levels. Differences in the predictions
of the ICRP and the multistage cancer model are reasonably attributed to
uncertainties in model inputs and to uncertainties associated with the relative
survival rate for lung cancer.

As illustrated in Figure 3, endogenous DNA damage has the potential to
make a substantial contribution to the cumulative cancer incidence
level below a few hundred mGy. In the background radiation dose range
(75-225 mGy), endogenous processes are responsible for about 86-97% of
the predicted cancers. Even at 1 Gy, the model predicts that endogenous
processes are responsible for about 48% of the cancers.

Although the results shown in Figure 3 suggest that endogenous DNA
damage may be responsible for a large portion of the lung cancer at back-
ground radiation levels, the production of complex multiply damaged sites
by endogenous processes, the value of the Efl“do parameter, is uncertain.
The accuracy of the repair process for simple (¢y) and complex DNA dam-
age sites (@) is also uncertain (see estimated range in Table 1). Theoretical
considerations suggest that the rate of DSB formation by endogenous pro-
cesses may be as large as 5.5 DSB/cell/day (Stewart, 1999). Stewart (1999)
calculated a best-estimate rate of DSB formation of 0.1 DSB/cell/day. For a
representative 2-h repair half-time, these estimates suggest that the equilib-
rium number of DSB/cell [Eq. (9) with D = 0] should fall in the range from
0.012 DSB/cell to 0.661 DSB/cell. Recent experimental evidence points to
an equilibrium (background) value of approximately 0.05 DSB/cell in pri-
mary human fibroblasts from the lung (Rothkamm and Lobrich, 2003), a
value in reasonable agreement with the predicted equilibrium value. The
“best-estimate” value given in Table 1 was found by fitting the ICRP-derived
risk values. For the default value of £¢'° reported in Table 1, complex le-
sions (i.e., multiply damaged sites) have a negligible impact on the estimated
cumulative cancer incidence level. However, if the value of Eflndo isincreased
to 1.14 x 10~ DSB/cell/h (0.1/cell/year), avalue that s still 380 times lower
than the estimate of 4.33 x 1072 DSB/cell/h (Stewart, 1999), this parameter
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FIGURE 4 Effects of cellular adaptations in DNA repair and enzymatic radical scavenging. The best-
estimate parameter values listed in Table 1 were used for all of the results shown. The vertical dotted
lines indicate the typical dose range expected from naturally occurring radiation sources (lower bound
corresponds to 1 mGy/year and the upper bound corresponds to 3 mGy/year). Horizontal dotted lines
at 1.8 x 10~* and 2.3 x 10~* indicated the level of cumulative lung-cancer incidence at 1 and 3 mGy/year,
respectively. The mathematical form of the radical scavenger function, F, and the DNA repair function,
G, are glven by Egs. (14) and (15), respectively. Solid line: no protective effects (Ay = A, = 1 and
By = B, = 0); dashed lines show the effects of selecting parameters that give peak values for F and G
in the range from 1.1 to 5 (refer to Figure 2). Left panel: effects of cellular adaptations in DNA repair
(F=1and 1.1 < G < 3); right panel: effects of cellular adaptations in enzymatic radical scavenging
(IL1<F<band G=1).

has a dramatic impact on the predicted cumulative cancer incidence level
(dotted line in Figure 3). Additional experimental work is needed to reduce
the uncertainties associated with the possible formation of multiply damaged
sites (including DSBs) by endogenous processes.

Cellular adaptations in radical scavenging and DNA damage repair are
introduced into the multistage cancer model through the dimensionless F
and G functions, respectively. Representative examples of the dimensionless
repair function, G, are shown in Figure 2. Figure 4 illustrates the effects
that radiation-induced adaptations in DNA damage repair (left panel) and
radical scavenging (right panel) may have on the cumulative incidence of
lung cancer.

As the results in Figure 4 show, the manner in which the cumulative inci-
dence level deviates from the baseline cancer incidence level (no hormetic
effects) is reminiscent of the shape of the F and G functions. The exact
shape and magnitude of the cumulative incidence curve is sensitive to the
numerical value selected for the parameters used in the dimensionless F
(radical-scavenging) and G (DNA repair) functions. For all of the studies
shown in Figure 4, F and G reach a maximum at 200 mGy (i.e., the dose
value that corresponds to dose rate Df = Dg = 2.67 mGy/year).
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The maximum departure from the predicted baseline cumulative inci-
dence level (no protective effects) occurs around 200 mGy for cellular adap-
tations in DNA repair (Figure 4, left panel) and about 175 mGy for cellular
adaptations in radical scavenging (Figure 4, right panel). Changes in radical-
scavenging and DNA repair processes affect the overall shape of the cumu-
lative incidence curve in different ways because repair processes impact on
both endogenous and radiation DNA damage whereas small changes in a
cell’s radical-scavenging capacity are presumed to impact on the formation
of endogenous DNA damage but not the formation of radiation damage [see
discussion associated with Eqs. (12) and (13)].

The expected number of lung cancers decreases in approximately linear
fashion as the value of F increases. For a lifetime dose of 200 mGy, a 10%
increase in the efficiency of radical scavenging (F = 1.1) translates into an
approximate 10% decrease in the predicted cumulative cancer incidence
level. On the other hand, projections of cumulative cancer incidence are
approximately proportional to the square of G. For example, increasing the
accuracy of DNA repair by 10% (G = 1.1) decreases the predicted cumulative
incidence level by approximately 20% at 200 mGy. Increasing the accuracy
of DNA repair by 50% (G = 1.5) decreases the cumulative incidence level at
200 mGy by a factor of 2.25.

Discussions on radiation hormesis often raise the issue of whether the
cancer incidence level for some low-dose or dose-rate exposure condition is
lower or higher than the background cancer incidence level. In Figure 4, the
horizontal dotted lines at 1.3 x 10~ and 2.3 x 10~* represent the range of cu-
mulative incidence levels expected from endogenous processes that damage
the DNA and from radiation sources commonly found in the environment
(e.g., cosmic rays, y-rays from the ground and buildings, radon, and 1*C
and %K inside the human body). The zero-dose cancer incidence level at
9.2 x 107° represents the predicted cumulative incidence level in the com-
plete absence of all radiation, including all environmental sources of radiation.
For the analysis of human epidemiological studies, the selection of the zero-
dose cancer incidence level is inappropriate because all terrestrial organisms
are inevitably exposed to cosmic rays and other sources of radiation in the
environment. The results shown in Figure 4 suggest that the background
cumulative cancer incidence level may vary as much as 1.8-fold among in-
dividuals 75 years old. The range of possible background cancer incidence
levels increases with increasing age.

Figure 5 shows the combined effects of cellular adaptations in radical-
scavenging and DNA repair processes. The results shown in this curve rep-
resent some of the possible non-LNT responses that may reasonably arise
from cellular adaptations in DNA repair and radical scavenging. These re-
sults, and the results of other sensitivity studies (not shown), suggest that
radiation must induce changes in radical scavenging and DNA repair greater
than about 30 or 40% (Fand G > 1.3 to 1.4) of the baseline values to produce
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FIGURE 5 Predicted shapes of the cumulative lung-cancer incidence curves when both cellular defence
mechanisms are included in the model. Solid line: no protective effects (Af: Ag =1land Bf: Bg =0);
long dashed line: effects of radical scavenging and DNA repair (/" and G in the range from 1 to 1.4);
short dashed line: combined effects of radical scavenging and DNA repair (/" and G in the range from 0.8
to 1.4); dash-dotted line: combined effects of radical scavenging and DNA repair (/' and G in the range
from 0.8 to 3).

cumulative incidence levels outside the range expected for endogenous pro-
cesses and background radiation (i.e., the horizontal dotted lines 1.3 x 10~*
and 2.3 x 10~*). For the results given in Figure 5 (short dashed line and dash-
dotted line), slightly different values for ¢,; and £'4° were used to anchor
the model at the ICRP-derived risk value at 1 Gy and at the model-predicted
value at 0 Gy found with G = F = const = 1.

DISCUSSION

Multistage models capture some of the putative rate-limiting steps in-
volved in the development of cancer. In this paper, we developed models
and methods to incorporate radiation-induced changes in the efficiency of
DNA damage repair and radical scavenging into a deterministic multistage
cancer model. The hormesis mechanisms incorporated into the model are
generally consistent with those proposed by Feinendegen ez al. (1987). Model
inputs have been identified that correctly predict the cumulative lung-cancer
incidence rates reported by the ICRP for high and low doses.

The dose along the x-axis of Figures 2 through 5 arises from two types
of radiation sources: (1) environmental sources of radiation delivering 1-3
mGy/yr and (2) an additional “man-made” source of low-LET radiation that
contributes extra radiation over the lifetime of the individual. The man-made
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radiation source component can also be viewed as an additional medical or
environmental source of low-LET radiation that may depend on location
and/or elevation, such as dental X-rays, nuclear medicine procedures, or
airline travel. The plethora of man-made and environmental sources gives
rise to a very complicated temporal pattern of mixed low- and high-LET
radiation exposure.

In addition to LET effects, two limiting dose delivery patterns are of
special interest. The first pattern of interest arises when the man-made com-
ponent of the radiation field is delivered at low dose rate (scenario 1). The
second dose delivery pattern of interest is the one that arises when the man-
made component is delivered at high dose rate (scenario 2), such as those
that may arise in the workplace. For exposure scenario 1, the dose rates con-
sidered in Figures 3 (left panel) through 5 correspond to annual (average
or effective) dose rates from (1,000 mGy — 225 mGy)/ (75 years) = 10.33
mGy/year to (1,000 mGy — 75 mGy) /(75 years) = 12.33 mGy/year. The
total (average) dose rate is the sum of the environmental and man-made
radiation terms: 1-3 mGy/year + 10.33 to 12.33 mGy/year. Pollycove and
Feinendegen report that a 10-fold increase of background radiation from 1
to 10 mGy/year stimulates the overall DNA damage-control activity by about
20% (Pollycove and Feinendegen, 2001, 2003). In the second exposure sce-
nario, which is not considered in the current series of studies, environmental
radiation sources deliver 1-3 mGy/year and the man-made radiation sources
deliver an extra dose in a relatively short period of time (e.g., minutes or
hours). The extra dose component may be as large as 775-925 mGy.

Doses in the range from 1 to 200 mGy of low-LET radiation delivered
at dose rates of a few mGy/min produce experimentally detectable levels
of gene induction (Azzam et al., 1996; Redpath and Antoniono, 1998). The
dose rates considered in our studies are, however, much lower than the ones
used by Azzam et al. (1996) and Redpath and Antoniono (1998). Data on MN
formation in human fibroblasts after various priming doses of y-radition fol-
lowed by a challenge dose show that any priming dose from 1 to 500 mGy (de-
livered at 1-3 mGy/min) produced the same drop in MN frequency (Broome
et al., 2002). These experiments indicate that a single Co-60 y-ray suffices to
cause gene induction.

Considerations such as these suggest that gene induction can occur even
for low-dose and/or dose-rate exposure conditions (see also the discussion
regarding hypothesis 2 in the section titled Models for Radiation Hormesis
Mechanisms). On the other hand, many questions remain about the overall
significance of these phenomena. To improve the modeling of low-dose ra-
diation effects, additional information on the spatial and temporal pattern
of gene induction is needed. For example, how long does gene induction
last after a cell is hit by radiation? How many bystander cells are affected by
signals emitted by the radiation-damaged cells? Is the signal strength (sig-
naling distance) the same for low- and high-LET radiation? To the best of
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our knowledge currently the literature provides only very limited answers to
questions such as these.

The results shown in Figure 3 suggest that DNA damage formed through
endogenous processes is important for both low and high doses. As in earlier
studies (Schollnberger et al., 2001a), model predictions are sensitive to the
net birth rate (ka1 — kq1) and (kye — kq2) but not overly sensitive to the spe-
cific value selected for kyn and ke (if kg1 and kg9 are chosen appropriately).
For the same level of defense induction (i.e., F = G = some constant), our
studies suggest that toxicant adaptations in DNA repair processes (i.e., the
@5 and ¢, parameters) have a larger impact on dose-response relations than
toxicant-induced adaptations in radical scavenging. This trend arises because
the effects of small toxicant-induced perturbations in a cell’s capacity to scav-
enge radicals will have a negligible impact on the initial yield of radiation
damage (see also Fleck et al., 1999; Schollnberger et al.,, 2001a). Sensitivity
studies suggest that the model can give rise to classical LNT curves, threshold-
like curves and U-shaped curves (Figures 4 and 5). To obtain threshold-like
curves or U-shaped responses, the repair of DNA damage must be transiently
modified after a cell is damaged by radiation. The production of enzymatic
radical scavengers can also be transiently modified after a cell is damaged
by radiation, although it is not necessary for both radical scavenging and
DNA repair to be altered in the same way or to the same extent to produce
non-LNI-type responses.

At least five separate repair pathways are involved in the removal of DNA
damage. NHE] and HR are important pathways for the removal of DSBs
(Jeggo, 1998; Lewis and Resnick, 2000). The base excision repair (BER)
pathway is adept at repairing damages, such as deaminated, (some) oxidized,
alkylated, and AP sites that cause relatively minor disturbances in the helical
structure of DNA (Memisoglu and Samson, 2000a, 2000b). The BER path-
way also recognizes and attempts to repair some multiply damaged DNA sites
(Harrison et al., 1999; David-Cordonnier et al., 2001). BER of an 8-0x0G or
an AP site opposite a strand break sometimes results in the creation of a
DSB (Harrison et al., 1999). The fourth repair pathway is NER. NER recog-
nizes bulky lesions that cannot be repaired by BER (Friedberg et al., 1995;
Nickoloff and Hoekstra, 1998), for example, some oxidation products or UV-
induced cyclobutane pyrimidine dimers and pyrimidine (6-4) pyrimidone
photodimers. DNA mismatch repair is also important for the removal of
DNA damage after IR, as observed by DeWeese et al. (1998) using low-dose
rates of IR.

Damage repair kinetics may be affected by pathway crosstalk, sharing
of proteins among various repair and transcriptional pathways, and compe-
tition for the same kind of damage. For example, Cucinotta et al. (2000)
demonstrated that competition between two different DSB rejoining path-
ways results in a linear-quadratic dose dependence for the creation of simple
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exchange-type chromosome aberrations. Cell-cycle effects also have the po-
tential to impact DNA repair. Various lines of evidence indicate that NHE]
and HR are regulated during the cell cycle (reviewed by Daboussi et al., 2002).
NHE] predominates in G1 and early S-phase cells whereas HR is important
in late S and the G2 phase (Daboussi et al., 2002). The inducibility, or lack
thereof, of either of these systems in relation to the cell cycle is unknown.

Rothkamm and Loébrich (2003) irradiated nondividing confluent cell
cultures of primary human fibroblasts from the lung and skin with X-ray
doses ranging from 1.2 mGy to 80 Gy. DSBs, measured via foci of y-H2AX,
induced by 5 mGy persisted considerably longer than DSBs induced by 20
or 200 mGy. For an exposure with 1.2 mGy, the authors find a total lack
of DSB repair in nondividing cells, and if the cells are allowed to divide
these cells die by apoptosis. They speculate that the apparent lack of DSB
repair at 1 mGy in MRC-5 human fibroblast cells from the lung is a protective
mechanism that may reduce the cancer risks of very low radiation doses.
That is, instead of rejoining a DSB, which has some nonzero probability of
causing genetic alterations, it could be beneficial for an organism to remove
the damaged cell and replace it by the division of an undamaged neighboring
cell (Rothkamm and Lobrich, 2003). A similar phenomenon was reported
for nondividing human lymphocytes exposed to an adapting dose followed by
a challenge dose (Cregan et al., 1999). The biological conditions associated
with nondividing cell cultures are not unlike the situation in an organ, where
most of the cells are nondividing most of the time, and then occasionally
are allowed to divide. The paper by Rothkamm and Lobrich suggests that
lung cells in vivo may rejoin DSBs very infrequently (or not at all) under
low-dose or dose-rate exposure conditions. Although these phenomena are
not explicitly considered in the current work, threshold-like responses such
as the long dashed line shown in Figure 5 might arise as the result of a repair
threshold.

The final outcome of the repair process depends on the overall fidelity
of the DNA repair processes involved. Any time- (or dose- or dose-rate-) de-
pendent change in BER, NER, NHE], or HR may cause the overall fidelity of
damage repair to increase or decrease. For example, transient up-regulation
of the potentially error-free HR pathway might increase the rate of damage
repair (increase A) and increase the probability of correct repair [increase
(1 =¢)]1. On the other hand, transient up-regulation of the potentially error-
prone NHE] pathway could increase A and decrease (1 — ¢). While the relative
importance of NHE] and HR varies during the cell cycle, constitutive pro-
cesses are frequentely down-regulated under stress conditions, and this may
also impact on the overall fidelity of DNA repair. The reduced risk from low
doses could have to do with a dominance of HR over NHE] at low doses.
Although for the latter there is no direct evidence, there is another attrac-
tive hypothesis to explain the reduced risk: an alteration in the error rate
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of NHE] in response to radiation. DNA-PK, a protein required for NHE],
forms a complex with Tpb53, which is then phosphorylated and hence stabi-
lized (Achanta et al., 2001). Tp53, which is inducible at low doses, prevents
illegitimate recombination during NHE] (Akyuz et al., 2002). Therefore, the
coordinated action of activated Tp53 and DNA-PK could improve the quality
of error-prone NHE] repair. This was pointed out by Dittmann et al. (2003),
who were looking at the effect of the Bowman-Birk protease inhibitor to
reduce the dicentric frequency.

In the human lung, the target cells for malignant transformation are
alveolar type II cells and airway epithelial cells in bronchi and bronchioles
(Gazdar and Carbone, 19941) . In the cell population believed critical for lung
cancer in humans, we are not aware of any in vitro or in vivo data that sup-
port through direct biochemical evidence the antimutagenic DNA damage-
control biosystems proposed by Feinendegen and Pollycove (2001). However,
the many references cited in the section Studies Supporting or Refuting
Toxicant-Induced Adaptations in Radical Scavenging and DNA Repair are a
strong indication that different mechanisms of action may be important un-
der low versus high dose exposure conditions. These studies may also provide
support for the hypotheses that DNA repair and radical scavenging are in-
ducible by low doses of IR. Additional research in this area is highly desirable.

Epidemiological evidence for hormetic effects in lung cancer caused by
low-LET radiation has been reviewed by Rossi and Zaider (1997). Based on
1,178 lung-cancer deaths in a large fluoroscopy cohort study, Howe (1995)
found that there was no evidence of any positive association between risk
and dose, with the relative risk at 1 Sv being 1.00 (95% CI = 0.94-1.07).
Another study of tuberculosis patients who were examined by multiple X-ray
fluoroscopy showed that, among the irradiated patients, with an estimated
mean radiation dose to the lung of 0.84 Gy, the SMR was 0.8 (95% CI = 0.6—
1.1) (Davis et al., 1989). Blettner et al. (2003) reported a lung cancer SMR
of 0.53 (95% CI = 0.44-0.62) for airline cockpit crew. British radiologists
registered after 1935 have an SMR for lung cancer smaller than 1 (Berrington
et al., 2001).

The 0.3-Gy threshold calculated in the current study seems to be con-
sistent with the values of dose points for transition from protective to detri-
mental effects actually observed in studies in vitro and in vivo. Redpath and
Antoniono (1998) showed that this occurred between 100 and 300 mGy for
TF/SCin human cells. Azzam et al. (1996) found that it was above 100 mGy in
rodent cells. In vivo, Mitchel et al. (1999) have shown thatitis above 100 mGy
in mice for myeloid leukemia and about 100 mGy for a variety of tumors in
cancer-prone mice (Mitchel et al., 2003).

tS. Belinsky, Lovelace Respiratory Research Institute, personal communication.
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In addition to the DNA repair and radical-scavenging mechanisms con-
sidered in this paper, Pollycove and Feinendegen argue that the immune
response could be up-regulated by low doses of IR and cite some experimen-
tal evidence to support this possibility (Pollycove and Feinendegen, 2001).
Although these phenomena are not considered in the present work, these ef-
fects could be included by modifying the rate constant k,,; so that it depends
on dose and dose rate. Alternatively, these effects could be included in the
model by modulating the cell death terms as a function of dose or dose rate
and by also allowing N3 cells to be removed.

The literature contains many examples of detrimental bystander effects
(e.g., Sawant et al., 2001a; Ballarini et al., 2002; and references given therein)
as well as examples of radioprotective bystander effects (Bauer, 1996, 2000;
Sawant et al., 2001b; Belyakov et al., 2002a, Iyer and Lehnert, 2002a, 2002b).
For example, the analysis of cell transformation data for a-particle microbeam
experiments by Brenner ef al. (2001) suggests the possibility of supralinear
responses for very low doses of high-LET radiation. On the other hand, the
selective removal of damaged cells through apoptosis or terminal differentia-
tion are examples of nongenotoxic bystander-induced radioprotective mech-
anisms (Bauer, 1995, 1996, 2002; Belyakov et al., 2001a, 2001b, 2002a, 2002b,
2003). Scott et al. (2003, 2004) use the concept of a radiation-induced by-
stander effect for apoptosis that protects the cell community from problem-
atic mutations, neoplastic transformation and cancer. The concept of cell
killing has also been used by Radivoyevitch et al. (2002) and Bogen (1997,
1998, 2001) to develope hormesis models. Barcellos-Hoff and Brooks (2001)
propose that very low doses of IR could stimulate the extracellular signaling
that eliminates abnormal cells. Redpath et al. (2003a) recently reported that
selective killing of a transformation-sensitive G(2)/M-phase subpopulation
as a consequence of low-dose hyperradiosensitivity could account in part for
the observed reduction of induced transformation frequencies at low doses
to values below that observed spontaneously. The net effects of the interplay
among different types of bystander effects are open to debate, and additional
research in this area is needed.

The genotoxic endpoint most clearly associated with human tumors are
chromosome aberrations. Chromosomal alterations are present in 99.9%
of all tumors, and they are both involved in the production of the tumor
and produced as a consequence of the carcinogenic and genomic instabil-
ity process (Preston, 2003). The great majority of structural chromosome
aberrations require two DNA lesions in their formation. These lesions, in
the case of radiation-induced chromosome alterations, can be produced by
a single track of high- or low-LET radiation or by two independent tracks
of low-LET radiation. Preston and others state that consequently the dose-
response curves for low-LET-induced chromosome aberrations are linear or
linear-quadratic with a linear slope at low dose levels (NCRP, 2001; Preston,



342 H. Schélinberger et al.

2003). The majority of biological dosimetry studies on chromosome aberra-
tions provide broad support for a linear response at low dose levels (NCRP,
2001). From that it was concluded that low-dose responses for cancer are
linear at low doses (NCRP, 2001). This line of arguments, however, ignores
the possibility that cellular defense mechanisms, induced also by the DNA
lesions that will eventually form chromosome aberrations, also impact on the
vast amount of endogenously produced reactive oxygen species and lesions;
that is, the hormesis concepts examined in the current study.

CONCLUSIONS

Sensitivity studies highlight the potential importance of including en-
dogenously formed DNA damage in calculations of low-dose cumulative can-
cerincidence levels. For dose levels comparable to background radiation, our
studies suggest that endogenous DNA damage may account for 86-97% of
the predicted cancers. Even for a lifetime dose of 1 Gy, endogenous processes
may account for as much as 48% of the predicted cancers. These predictions
are sensitive to the rate at which simple lesions are created through endoge-
nous processes (i.e., Eflndo parameter). The rate multiply damaged sites are
formed through endogenous processes (Zflndo parameter) is a potentially
important parameter. However, additional experimental work is needed to
reduce the uncertainties associated with this parameter. Additional research
to better estimate the fidelity of multiply damaged site DNA repair, ¢.;, could
have a substantial impact on uncertainties in model predictions.

Support for the possibility of hormetic effects from low doses of low-LET
radiation comes from both in vivoanimal carcinogenesis studies (Wang et al.,
1998, 2000; Mitchel et al., 1999, 2002, 2003) as well as studies performed using
cell cultures irradiated with low-LET radiation at very low doses rates. These
in vitro experiments show a reduction of induced transformation frequencies
at low doses to values below that observed spontaneously (Azzam et al., 1996;
Redpath and Antoniono, 1998; Redpath et al., 2001, 2003a, 2003b). DNA re-
pair mechanisms are highly conserved among all eukaryotes (Mitchel, 1995;
Mitchel et al., 1997), and if these phenomena arise as the result of adaptations
in DNA repair, it is not unreasonable to expect that some or all of these phe-
nomena will also occur in humans. Nevertheless, environmental radiation
sources result in dose rates in the range from 1 to 3 mGy/year, and this range
of dose rates is approximately a factor of 10° lower than the dose rates used
in the cell culture studies mentioned earlier (2.4-3.3 mGy/min). Additional
research is needed to examine how DNA repair and radical scavenging affect
in vitro and ¢n vivo responses.

In the current model, distinct U-shaped curves are only produced when
both the accuracy of DNA repair and the capacity for radical scavenging are
enhanced about three-fold. Although this degree of defence induction is
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much higher than the 40% proposed by Pollycove and Feinendegen, their
hormesis concept comprises other mechanisms that are not included in this
modeling effort. If experiments demonstrate that the effects of DNA damage
repair and radical scavenging are enhanced atleast three-fold under low-dose
conditions, our studies would support the existence of U-shaped responses
for lung cancer. If repair processes are altered to a lesser degree, U-shaped
responses may not arise unless factors other than repair and radical scav-
enging play a significant role in the pathogenesis of lung cancer. Dose- or
dose-rate-dependent modulation of cell-killing, bystander-induced apoptosis
and cell differentiation and detrimental bystander effects are processes that
may further alter the shape of cancer incidence curves (see, for example,
discussions by Pollycove and Feinendegen, 2001, 2003) and that should be
addressed in future studies.

The multistage cancer model formulated in this work provides a useful
formalism to investigate the potential impact of some cellular defence mech-
anisms. Future modeling efforts should extend the approach to account for
other possible cell and tissue-level defence mechanisms as well account for
possible detrimental effects that may arise through cell-to-cell signaling phe-
nomena (i.e., bystander effects). In addition, extended sensitivity analyses ap-
plying Monte Carlo techniques with respect to the uncertainty ranges of the
model parameters could prove to be avaluable extension of the current study.
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APPENDIX: DERIVATION OF THE CLOSED-FORM SOLUTION
FOR THE CANCER MODEL

A three-stage clonal expansion model was developed. A conceptual view
of the model is given in Figure 1. The model equations, a set of coupled
differential equations, Eqs. (1)—(6), were solved with variation of constants
as shown.

Equations (2) and (3) can be written as follows:

% = kNo + (kan — kar — k) N1(2) (A1
AN Ny (1) + (s — kas — o) Na () (42)

d¢
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We define the parameters a = ky — kg1 — kand b = kyo — kgo — k. This
gives

d]\gt(t) — kNo + aNi (1) (A3)
dzfjt(” — KNL(D) + DN (1) (Ad)

Equations (A3) and (A4) can be solved, for example, with variation of con-
stants or eigenvector methods. We briefly sketch the method that uses varia-
tion of constants.

We first deal with Eq. (A3). The homogenous equation is d Ny (¢) /dt —
aN1(t) = 0. Ansatz Nj(¢) = exp(at) leads to the general solution of the
homogenous equation: Nj(¢) = cexp(at); c¢is a constant. A solution of the
inhomogenous equation (A3) is called a particular solution and is derived
with variation of constants: Ansatz Njparc(f) = ¢(¢) exp(at) is used within
the inhomogenous equation. This leads to Mpart(¢) = kNpl[exp(at) — 1]/a.
The general solution of the inhomogenous equation therefore is Ny (f) =
ce™ + kNplexp(at) — 1]/a. The initial condition N;(¢ = 0) = 0 applied
within this latter equation yields ¢ = 0 and gives the final solution for Ny (¢):

kN,
N (1) = TO(GXp(at) ~1) (A5)

Analogously, the solution for Ny (¢) was derived as

Nok?
Ny(1) = ;)b (1 +

exp(at) — exp(bt)) (A6)

a—b a—>b

where a and b were defined earlier. The dose-rate-dependent rate constant
k(D) was defined in Eq. (13).

It can easily be shown that Nj(¢) and N9 (¢) fulfill the initial conditions.
For Ns(t), for example, we getat ¢ = 0

Nok? b
0= (1+ — “)
a

ab -b a-1b

The expression in parentheses on the right-hand side of this equation is also
zero. It is also easy to see that Nj (¢) fulfills the initial condition.

To calculate N3(t) [see Eq. (4)], we need to integrate Eq. (A6) over time.
This leads to

t
N3 (1) — N3(t=0) = kmt/ No(t")dt' (A7)
0
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As explained earlier, k,, is constant and was therefore moved to the front
of the integral. With N3 (¢ = 0) = 0, one gets

Ny (f) = kmt{klw %[exp(at) 14 k—;[eXp(bt) - 1]} (A8)

with

_ Nok? . Nok?® b Nok?  a

k - ’ - ’
! ab 2 ab a—> . ab a—0>b

Ny (t) is then given as

k k
Na(8) = kmt{kl (t—tag) + f[exp(d(t— bag)) — 11+ f[exp(b(t— lag)) — 1]
(A9)

Simulations were performed with Excel software using the closed-form solu-
tion for Ns(¢) given in Eq. (6).



