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A. Progress Report: The objective during the last period of support (5/15/05-12/31/09) was to determine the 
involvement of mitochondrial genetic defects in metabolic oxidative stress and the biological effects of low 
dose/low LET radiation. Aim 1 was to determine if cells with mutations in succinate dehydrogenase (SDH) 
subunits C and D (SDHC and SDHD in mitochondrial complex II) demonstrated increases in steady-state 
levels of reactive oxygen species (ROS; O2

- and H2O2)  as well as demonstrating increased sensitivity to low 
dose/low LET radiation (10 cGy) in vitro. Aim #2 was to determine if specific mitochondrially-derived ROS 
contributed to increased sensitivity to low dose/low LET radiation in cells containing mutations in SDH subunits 
in vitro. Aim #3 was to determine if a causal relationship existed between persistent increases in mitochondrial 
ROS production, alterations in electron transport chain proteins, and genomic instability in the progeny of 
irradiated cells. 
 Progress in Aim #1 and #2 included the isolation and characterization of SDHC and SDHD mutants in 
Chinese hamster fibroblasts that were found to demonstrate increased steady-state levels of O2

-, H2O2 as well 
as genomic instability (1, 2). The cells expressing SDHC mutations showed 3-fold increases steady-state 
levels of O2

-, H2O2, increases in % glutathione disulfide (indicative of oxidative stress), as well as increases in 
superoxide dismutase activity, relative to parental and vector controls (1). The SDHC mutants also showed cell 
physiological characteristics associated with cancer cells, including aneuploidy, increases in glucose 
consumption, and sensitivity to glucose deprivation–induced cytotoxicity (1). Importantly, expression of wild-
type (WT) human SDHC in the SDHC mutant background caused prooxidant production, glucose 
consumption, sensitivity to glucose deprivation–induced cytotoxicity, and aneuploidy to revert to the WT 
phenotype (1). These data clearly showed that SDHC mutations cause increased O2

-, H2O2 production, 
metabolic oxidative stress, and genomic instability and that mutation of genes coding for mitochondrial electron 
transport chain proteins can contribute to phenotypic changes associated with cancer. These results also 
strongly support the hypothesis that DNA damage to genes coding for mitochondrial ETC proteins can result in 
chromosomal instability by increasing steady-state levels of O2

-, H2O2 (1). 
 The hypothesis that mutations in SDHD increase levels of superoxide causing genomic instability was 
tested using site-directed mutagenesis to generate a truncated SDHD cDNA that was expressed in Chinese 
hamster fibroblasts (2).  Stable expression of mutant SDHD resulted in a 2.3-fold increase in steady-state 

levels of superoxide as determined by 
superoxide dismutase (SOD) sensitive 
dihydroethidium oxidation (p < 0.01) that 
was accompanied by a 70-fold increase in 
mutation frequency at the hprt locus as 
determined by increased 6-thioguanine (6-
TG) resistance (p < 0.001) (2).  Over 
expression of MnSOD using an adenoviral 
vector or treatment with a cell permeate 
hydrogen peroxide scavenging enzyme 
(polyethyleneglycol conjugated-catalase; 
PEG-CAT) suppressed mutation 

frequency in SDHD mutant expressing cells by 50% (p < 0.05) (2).  Furthermore simultaneous treatment with 
both PEG-CAT and PEG-SOD suppressed mutation frequency in SDHD mutant cells by 90% (p < 0.0005) (2).  
These results demonstrate that mutations in SDHD cause increased superoxide production which leads to 
increases in mutation frequency mediated by both O2

- and H2O2 (2).  These results support the hypothesis that 
SDHD mutations could contribute to transformation by inducing genomic instability and a mutator phenotype by 
increasing steady-state levels of ROS (2). 
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Figure 1: B9 cells expressing the SDHC mutation display increased 
low dos/low LET ionizing radiation sensitivity compared to B1 cells. 
Cells were irradiated with 137Cs -rays at a dose rate of 40 cGy/min at 
room temperature. Following irradiation cells were incubated 37 ºC for 1hr 
before being plated for clonogenic survival. Plating efficiency was 
determined at each dose and the data normalized to B1 controls. Points 
represent mean of 3 different experiments. Error bars represent ±1SEM.
* Significantly different from irradiated B1 cells, (P < 0.05).

Figure 2: B9 cells expressing the SDHD mutation 
display increased low dos/low LET ionizing 
radiation sensitivity when compared to B1 cells. 
Cells were irradiated with 0 and 0.1 Gy gamma 
radiation from a Cs-137 source and harvested for 
clonogenic cell survival 1 h post irradiation.  Data 
represents mean cell survival normalized to B1 plating 
efficiency at  0 Gy of each cell line ± 1 SEM for 3 
separate experiments, * p < 0.01.
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 To test the hypothesis that increases in the metabolic production of ROS lead to alterations in low dose 
radiation sensitivity these well-characterized SDHC and SDHC mutants were exposed to low dose/low LET 
radiation and clonogenic survival was assessed IR (Figs 1 and 2). Exponentially growing asynchronous 
hamster fibroblasts expressing mutations in the SDHC (B9; Fig 1) or SDHD (D4; Fig 2) were exposed to low 

dose low LET IR (10 cGy) and displayed significantly 
decreased clonogenic cell survival when compared 
with parental B1 and vector control V4 cells. Adenoviral 
vector mediated over expression of Mn superoxide 
dismutase (AdMnSOD) and/or mitochondrially targeted 
catalase resulted in significantly increased survival of 
B9 (Fig 3) and D4 cells (Fig 4) to 10 cGy IR, relative to 
the appropriate controls. Interestingly, over expression 
of either MnSOD or catalase alone was equally as 
effective as when both were combined (Fig 3). These 
results clearly showed that mammalian cells over 
expressing mutations in either SDHC or SDHD 
demonstrated low dose/low LET radio-sensitization. 

These results strongly support the hypothesis that metabolic sources of O2
-, H2O2 play a significant role in low 

dose radiation induced injury and suggest that scavengers of reactive oxygen species can be used to mitigate 
this injury process (3). 
 Progress in Aims #2 and #3 has also focused on studying radiation-induced genomically unstable cells 
to determine the specific ROS that may be increased, the specific antioxidants that can be added following 
radiation to inhibit radiation-induced instability, and characterization of the mitochondrial ETC defects that may 
be contributing to radiation-induced genomic instability with a focus on the role of SDH in this process. The 
initial study clearly demonstrated that LS-12 and CS-9 IR-induced genomically unstable cells (characterized by 
chromosomal instability and increased mutation and gene amplification frequencies) showed persistent 3-fold 
increases in steady-state levels of intracellular H2O2, relative to the stable (118 and 114) and parental 
(GM10115) cells many generations after radiation exposure (4). Importantly, treatment of unstable cells with 
the H2O2 scavenging enzyme, polyethylene glycol-conjugated catalase [PEG-CAT], reduced the mutation 
frequency and mutation rate in a dose dependent fashion (4). These results clearly demonstrate a causal 
relationship between oxidative stress mediated by metabolic production of H2O2 and the mutator phenotype 
that persists many generations following exposure of mammalian cells to radiation. These results strongly 
suggest that radiation-induced genomic instability and increased mutation rates in mammal cells can be 
suppressed by scavengers of H2O2 (4). 
 The previous results suggested that metabolic oxidative stress and dysfunctional mitochondria could 
play a role in radiation-induced genomic instability. To probe the specific role that mitochondrial ETC defects 
might play in ROS production and persistent heritable genomic instability following radiation exposure, 
mitochondrial function and structure was assessed in hamster fibroblasts (GM10115) and genomically unstable 
(CS-9 and LS-12) cells derived from GM10115 following x-ray exposure (5). The unstable cells were found to 
have mitochondrial abnormalities in terms of decreased mitochondrial membrane potential and slight increases 
in mitochondrial content but no change in ATP levels (5). The unstable cells showed increased O2 
consumption, increases in mitochondrial complex II activity as well as increased SDHB levels suggesting 
improper assembly of complex II associated with radiation-induced instability. Importantly inhibition of complex 
II in LS-12 using thenoyltrifluoroacetone (TTFA) was able to reduce H2O2 levels as well as inhibiting mutation 
frequency and gene amplification (5). Overall these provide clear evidence for specific mitochondrial 
abnormalities in complex II as being causally related to increases in steady-sate levels of H2O2 and the 
radiation-induced mutator phenotype in LS-12 cells (5). 
 In doing the previously described cell culture models we have obtained significant in vitro evidence that 
mitochondrial defects resulting in increased ROS production appear to contribute to low dose radiation effects 
as well as radiation-induced genomic instability. In order to begin to extend these studies to more 
physiologically relevant in vivo models, we have recently begun to collaborate with Dr. C. Michael Knudson’s 
(6). Dr. Knudson is an expert in generating and maintaining transgenic mice that have genetic manipulations of 
the Bcl and Bax protein family members that are known mitochondrial proteins thought to impact upon 
metabolic oxidative stress and thymic lymphoma formation. In the collaboration with Dr. Knudson the impact of 
the expression of the mitochondrial superoxide dismutase enzyme on the development of T cell lymphoma in 



mice over expressing the pro-apoptotic Bax protein in a thymus specific manner (Lck-Bax38/1 mice) was 
determined (6). Interestingly, the thymocytes from the Lck-Bax38/1 mice demonstrated increased O2

- as well 
as increased chromosomal instability (6) prior to tumor formation. Remarkably, Lck-Bax38/1 mice crossed with 
mice over expressing MnSOD in a thymus specific manner (Lck-MnSOD) as well as MnSOD +/- mice 
demonstrated that MnSOD expression significantly affected aneuploidy in pre-malignant thymocytes as well as 
the onset of tumor formation in Lck-Bax38/1 mice (6). The effects of Bax over expression on low dose radiation 
effects is currently being investigated in the continuation of this project. 
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