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Abstract

It has been long recognized that a significant fraction of the radiation-induced genetic
damage to cells are caused by secondary oxidative species. Internal cellular defense systems
against oxidative stress play significant roles in countering genetic damage induced by ionizing
radiation. The role of the detoxifying enzymes may be even more prominent in the case of
low-dose, low-LET irradiation, as the majority of genetic damage may be caused by secondary
oxidative species.

In this study we have attempted to decipher the roles of the superoxide dismutase (SOD)
genes, which are responsible for detoxifying the superoxide anions. We used adenovirus vectors
to deliver RNA interference (RNA1 or siRNA) technology to down-regulate the expression levels
of the SOD genes. We have also over-expressed the SOD genes by use of recombinant
adenovirus vectors. Cells infected with the vectors were then subjected to low dose y-irradiation.
Total RNA were extracted from the exposed cells and the expression of 9000 genes were
profiled by use of cDNA microarrays.

The result showed that low dose radiation had clear effects on gene expression in HCT116
cells. Both over-expression and down-regulation of the SOD1 gene can change the expression
profiles of sub-groups of genes. Close to 200 of the 9000 genes examined showed over two-fold
difference in expression under various conditions. Genes with changed expression pattern belong
to many categories that include: early growth response, DNA-repair, ion transport, apoptosis, and
cytokine response.
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RELEVANCE STATEMENT
This grant application is prepared specifically in response to the DOE low dose research program
notice 03-07, which calls for studies aimed at developing a better scientific basis for
understanding the risks of human exposure to low dose radiation. Our proposal addresses three
of the four areas that are outlined in the grant solicitation: endogenous oxidative damage versus
low dose radiation-induced damage, radio-adaptive responses, and bystander effects. In
addition, we will use state-of-the-art technologies such as RNAi, DNA microarrays in our studies.
We will also use a novel three-dimensional system to culture the cells to be studied. Therefore,
both our objectives and approaches closely match those stated in the program announcement. We
believe our proposal is highly relevant to this program solicitation.



Grant# ER-63707
PI: Eric Y. Chuang

Introduction

It has been long recognized that a significant fraction of the radiation-induced genetic damage
to cells are caused by secondary oxidative species. Internal cellular defense systems against
oxidative stress play significant roles in countering genetic damage induced by ionizing radiation.
The role of the detoxifying enzymes may be even more prominent in the case of low-dose,
low-LET irradiation, as the majority of genetic damage may be caused by secondary oxidative
species.

In this study we have attempted to decipher the roles of the superoxide dismutase (SOD)
genes, which are responsible for detoxifying the superoxide anions. We used adenovirus vectors to
deliver RNA interference (RNA1 or siRNA) technology to down-regulate the expression levels of
the SOD genes. We have also over-expressed the SOD genes by use of recombinant adenovirus
vectors. Cells infected with the vectors were then subjected to low dose y-irradiation. Total RNA
were extracted from the exposed cells and the expression of 9000 genes were profiled by use of
cDNA microarrays.

Background
B1. Low dose radiation may have significantly different biological responses than high-dose

radiation.

The health effects of low dose radiation are of major concern to the public as well as scientists
and regulatory agencies. The current principles and guidelines are based on the assumption that
risks are linear with no thresholds in the low dose range. Therefore, risk estimates are mostly
based on extrapolation from data generated in higher dose situations. This is because there is
relatively abundant experimental and epidemiological data for higher doses and little information
in the low dose range. In addition, recent advances in our understanding of the molecular and
cellular biology of mammalian radiation response suggest that the assumption of linear dose
response may be fundamentally flawed in the low dose range.

B2. The existence of radio-adaptive response casts doubts on the current linear,
non-threshold approach for risk estimate.

At the cellular level, radiobiologists have long noticed the existence of the so-called ‘adaptive
response’ when mammalian cells are irradiated at lower doses(1-4). The radioadaptive response
refers to the development of resistance to a second, higher dose of radiation after exposure to an
initial, smaller radiation dose. Adaptive response has been observed in a wide range of cell types
with many different endpoints. For example, an initial radiation dose of as small as 1 ¢cGy can
attenuate subsequent radiation induced damage(3). These damages include gene mutations (5, 6),
chromosomal aberrations (7), sister chromatid exchange(1), micronucleus formation(8). The
exact molecular mechanisms involved in adaptive response are not clear. However, factors such
as the adapting dose, dose rate (2, 9), pH (10), and stage of the cell cycle(11), are known to be
involved. Most evidence has been collected in vitro. However, there is also evidence pointing to
its existence in vivo in mouse (12-14) and in humans (15-18). The widespread existence of
adaptive response points to potential molecular and cellular mechanisms that are able to
significantly protect cellular damage generated by lower levels of radiation. Most importantly,
the lack of such adaptive response in the higher dose range suggests the existence of thresholds
beyond which cellular and molecular mechanisms cannot function properly. This would indeed
cast doubt on the linear, non-threshold model.
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B3. Radiation-induced bystander effects add another level of complexity to risk estimate
from low dose radiation.

Another area of active investigation in radiation biology is the so-called ‘bystander effects’,
which refers to genotoxic or cytotoxic effects in cells that are not traversed by radiation. This
phenomenon is important because it tends to amplify the effects of radiation. This is in contrast
to adaptive response, which tends to attenuate the radiation damage to the cells.
Radiation-induced bystander effects were observed decades ago in vivo (19-22) in the form of
chromosome damage or increased tumor formation in non-irradiated cells. Later Emerit and
colleagues provided evidence that oxidative stress may be involved in (23-25). Mothersill ef a/
showed that a radiation-inducible, diffusible protein-like factor and/or oxidative stress may be
responsible for the bystander effects(26-28). This is confirmed by other groups(29-31).
Nagasawa and Little provided the first evidence that in cultures exposed to low fluence, high

LET a-particles, sister chromatid exchange could be induced in cells whose nuclei were not

traversed by the a-particles(32-35). The existence of bystander effects in radiationinduced
oncogenic transformation has also been reported (36, 37).

The mechanisms underlying bystander effects remain unclear. However, there are two suggested
pathways, both with supporting evidence. One pathway involves gap junctions. Connexins,
which constitute some of the major components of gap junctions, appeared to be important in
several studies (38, 39). The other pathway involves oxidative metabolism or ROS (reactive
oxygen species). Some early studies have indicated the importance of ROS, especially

superoxide anions, in bystander effects induced by y-irradiation (40, 41). Several investigators
have provided evidence that low-fluence a- particles can generate superoxide anions and

hydrogen peroxides and these ROS are important in a- particle induced bystander effects (27,

42-44). In this project, we will investigate whether oxidative metabolism and especially
deficiencies in SOD can influence the modulation of bystander effects by low dose radiation.

B4. Current understanding of mammalian cellular and molecular response to ionizing
radiation points to the existence of various potential ‘thresholds’.

At the molecular biology level, a great deal has been learned about the complexity of cellular
response to ionizing radiation although we are still at the beginning stage of gaining a thorough
understanding. Mammalian cells are equipped with a comprehensive system to cope with
radiation and other cytotoxic agents. There are ‘early warning’ systems that sense damage in the
DNA and effector systems that carry out various responses according to the extent of damage. If
the damage is not severe, it is repaired and the cells remain healthy. If it is more severe, the cell
undergoes arrest while it is being repaired. If it is too serious to be repaired, the apoptotic
program is activated and the cell undergoes suicide (programmed cell death). Under this
framework, which we are just beginning to understand, it is reasonable that risks may not be
linear. For example, when the cells are exposed to low dose radiation, the most likely cellular
response is cell cycle arrest and DNA repair. Apoptosis will only be invoked when certain
threshold is surpassed. Therefore, in terms of apoptotic cytotoxicity, the threshold is already
built-in in mammalian cells. The existence of ‘shoulders’ at the lower dose ranges of the survival
curves of many cell lines is another proof of this. At the DNA level, it is now unclear as to the
existence of thresholds. However, it is likely that the cellular repair machinery is built to handle
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most endogenously generated damage (mostly from byproducts oxidative metabolism) as well as
certain amount of external damage. When damage (most likely external) exceeds certain levels,
the repair system may be overwhelmed and the damaged cells go through cell cycle arrest or
apoptosis. Therefore, it is likely that thresholds may also exist for cellular DNA repair system.

BS. The roles of oxidative metabolism in cellular radio-adaptive response are still not
clearly defined.

The goal of this project is to examine whether the SOD enzymes, which are the corner stones of
cellular oxidative metabolism and cellular defense systems against internally and externally
generated ROS, play any roles in cellular response to low dose irradiated cells. We will examine
whether deficiency in SOD enzymes will alter cellular adaptive or bystander responses to
radiation. The results obtained may advance our understanding of the relative contribution of
oxidative metabolism and the ROS detoxification system in cellular response to low dose
radiation. We are interested in the SOD enzymes because ROS has been implicated in cellular
response to radiation(45). By use of free radical scavengers, it is estimated that about two-thirds

of X-ray or Y- radiation induced damage to DNA is caused by free radicals. In radiation-induced

bystander effects, there is ample evidence to indicate that ROS generation and the SOD enzymes
play key roles (section B3). However, little is known about the specific roles of SOD enzymes
and oxidative metabolism in cellular adaptive effects of low dose radiation. Bravard et al.
provided evidence that SOD may play some roles in radio-adaptive response (46). However, a
study by Wolff (4) suggested that elevated intracellular levels of SOD did not influence the
adaptive response. Therefore, there is a need for additional studies of the roles of SOD enzymes
in adaptive response to low dose radiation.

B6. Novel technological advances such as RNA interference and DNA microarray provide
powerful tools to study the roles of oxidative stress and the functions of the SOD genes.

In the past few years, a new technology termed RNA interference (RNAi or siRNA)
becomes popular tools to study the functions of various genes. The mechanism was initially
described in C.elegans(47), where a few molecules of short dSRNA could completely abolish the
function of a gene that is homologous to the dsRNA. This is caused by the degradation of the
mRNA of target genes. The degradation is carried out by a endogenous enzyme Dicer(48). Later,
it was discovered that similar mechanisms exist in many other organisms, including mammalian
cells(49, 50). This opened up new possibilities to study the function of any genes by knocking
down its expression levels. For example, a recent paper published by Peng et al successfully
targeted the DNA-PKcs gene by the siRNA approach(47). A further discovery of mammalian
promoters (based on RNA polymerase III) makes it possible to create stable cell lines with the
expression of target genes down-regulated(51-53). In this project, we will use the RNAi
technology to down-regulate the levels of genes encoding the cytoplasmic SOD1(CuZnSOD) or
mitochodrial SOD2(MnSOD) genes to facilitate the study of their potential involvement in
cellular radiation response. The down-regulation of the SOD genes can potentially increase the
intracellular levels of the superoxide anions and oxidative stress. This increase may influence the
cellular response to low dose radiation. We will also study alternations in global gene expression
patterns that may be caused by the deficiencies of the SOD genes.

Hypothesis
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Superoxide dismutase (SOD) genes play significant roles in low LET, low dose radiation induced
genetic instability in mammalian cells.

Brief summary of the goals of the project

The overall goal of this proposal is to carry out mechanistic studies of the roles of the
anti-oxidant SOD genes in mammalian cellular response to low dose ionizing radiation.
Specifically, we have the following objectives:

Specific aim 1. To study the roles of anti-oxidant SOD genes in modulating the levels of
oxidative DNA damage caused by endogenous oxidative stress or exposure to low dose
radiation.

In this aim, we will establish human cell lines with their SOD genes disrupted by the siRNA
technology. We will then evaluate low dose irradiation-induced oxidative stress and DNA
damage in these cells in comparison with normal cells.

Specific aim 2. To examine the roles of the SOD genes and oxidative stress in radio-adaptive
response and bystander effects in siRNA-transduced cells established in specific aim 1.

We will use the cell lines established in specific aim 1 to examine whether the SOD genes play
any roles in radio-adaptive response and bystander effects.

Specific aim 3. To generate gene expression profiles of SOD-deficient cells exposed to low
dose radiation.

We will use SOD-deficient cells generated in specific aim 1 to profile genes involved in cellular
response to low dose radiation and in radio-adaptive response by use of high-density cDNA
arrays. We will conduct the experiments in this specific aim in collaboration with Dr. Eric
Chuang, who is a co-investigator of this project. He directs the Microarray Research Laboratory
of the Radiation Oncology Sciences Program at the National Cancer Institute (NCI). We will
examine gene expression in the following cell populations by use of a 17,000 cDNA array:

In summary, the proposed study will provide a comprehensive estimate of genetic instability
induced by low-dose irradiation and the potential involvement of the SOD genes and reactive
oxidative stress in this important process.
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Experimental Methods

1. Construct adenovirus vectors encoding SOD gene or minigenes encoding siRNA to SOD
genes (Figure 1 A-C).

2. Evaluating the efficacy of the vectors in mediating the expression and suppression of SOD

genes.

Infection and irradiation (10 cGy) of target cells (p53+ and p53- HCT116 cells).

Extraction of total RNA and microarray analysis.

Identification and confirmation of a small subset of genes with most significant alterations.

Functional study of the roles of genes on maintaining genomic stability

kW

Figure 1. A) A diagram of the U6 promoter-based short RNA-expressing plasmid
pSilencer2.1-hygro. B) The structure of siRNA encoded by the plasmid. C) the structure of the

minigene that encode the siRNA.
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Result and Discussion

The goal of the experiment was to identify the genes that are involved in mammalian
cellular response to low dose irradiation. We paid special attention to the roles of the SOD genes
by use of the SOD-deficient cell lines constructed in specific aim 1.

Although there have been quite a few studies on the use of genomic approaches to profile
gene expression after exposure to ionizing radiation(54-59), there have been no studies published
that focus on the effects of low dose radiation induced radio-adaptive response, especially in the
context of SOD deficiency. Because so little is known at the molecular level about the adaptive
responses, a high-throughput screening approach such as cDNA microarrays will yield a wealth
of potentially useful information.

In this experiment, we used microarray analysis to examine SOD-deficient and
SOD-proficient cells with otherwise identical genetic backgrounds. This allowed us to identify
genes that are downstream of the SOD genes. We selected our treatment groups with goal of
identifying the genes that are important in cellular response to low dose radiation and
radio-adaptive response, with special emphasis on genes whose patterns are affected by the SOD
gene deficiencies.

The result showed that low dose radiation had clear effects on gene expression in HCT116
cells. Both over-expression and down-regulation of the SOD1 gene can change the expression
profiles of sub-groups of genes. Close to 200 of the 9000 genes examined showed over two-fold
difference in expression under various conditions. Genes with changed expression pattern belong
to many categories that include: early growth response, DNA-repair, ion transport, apoptosis, and
cytokine response. (Table 1) The gene that had the most significant change in expression
between over-expression and down-regulation was the EGR1-early growth response gene. When
over-expressed, its expression level was 2.7-fold of the normal; when down-regulated, the
expression level was 0.6-fold of the normal.
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Figure 2. Cluster analysis of genes induced by 10-cGy radiation in HCT116 cells with over
expression or reduced expression of the SOD1 gene.
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Tabe 1. A partial list of genes that showed significant changes in expression

Group AdGFP AdSOD1 AdsiSOD

Gene name 6 hr 24 hr 6 hr 24 hr 6 hr 24 hr
ASS--argininosuccinate
synthetase 0.6435 | 2.0607 01592 | 1.8584 0.9041 0.9595
VEGFB--vascular 11118 | 1.7875 0.463 2.3388 0.5808 | 0.4181
endothelial growth factor

EGR1--early growth respons 02753 | 2.0859 0.165 2.7285 0.8383 0.638
MSH2-MSH2=DNA 07482 | 1.6663 09254 | 2.0694 0.5513 0.668
mismatch repair mutS ho
IGF2--Insulin-like growth 0.3866 1.305 00705 | 1.0622 22895 | 22038
factor 2
CLNS1A--chloride channel, 0.6303 | 2.1806 0.7582 1.3966 04279 | 0.6925
nucleotide
STAT1--STAT1=IFN 06513 | 2.4735 0.222 1.9837 -0.07 0.4005
alpha/beta-responsive
gfspa"CASPASE' 0.9937 | 2.1533 03248 | 2.2239 04889 | 0.9407

=mch2 alpha
CDKN1B--cyclin-dependent 0.905 2.2445 03006 | 2.3322 0.1886 | 0.5774
kinase inhibi
TSC22--transforming 05496 | 1.9555 04002 | 2.0879 04714 | 06824
growth factor beta
FDX1--ferredoxin 1 0.2651 1.68 02577 | 1.8959 02097 | 0.2459
WRN--Werner syndrome 07287 | 1.8741 02015 | 2.0753
IGFBP-7 12312 | 3.1362 0.1911 2.9734 1.588 1.5924
NDUFA4-—-NADH
dehydrogenase (ubiquinone 15328 | 2.8428 03729 | 3.1676 -0.0221 0.196
GADD45A--GADD45
alpha=growth arrest an -0.877 -1.9496 -1.01 -0.7354 -2.1016 -2.0018
CLIC4--chloride intracellular
channel 0 1.5823 04113 | 1.8662 1.432 0.881
ATP6J—ATPase, H+
transporting, lysosome 0.4077 2.1015 0.1668 2.0271 0.5606 0.8488
S100A13--S100 calcium-
binding protein 08500 | 2.5217 20.0517 | 2.2472 0.675 0.7197
SERP1--stress-associated 0.8714 2.062 04542 | 22235 03354 | 0.4905
endoplasmic r
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