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Abstract
Increased reactive oxygen species (ROS) such as superoxide have been implicated as causal elements
of oncogenesis. A variety of cancers have displayed changes in steady state levels of key antioxidant
enzymes with the mitochondrial form of superoxide dismutase (MnSOD) being commonly
implicated. Increasing MnSOD expression suppresses the malignant phenotype in various cancer
cell lines and suppresses tumor formation in xenograft and transgenic mouse models. We examined
the impact of MnSOD expression in the development of T cell lymphoma in mice expressing pro-
apoptotic Bax. Lck-Bax38/1 transgenic mice were crossed to mice overexpressing MnSOD (Lck-
MnSOD) as well as MnSOD +/− mice. The effect of MnSOD on apoptosis, cell cycle, chromosomal
instability (CIN), and lymphoma development was determined. The apoptotic and cell cycle
phenotypes observed in thymocytes from control and Bax transgenic mice were unaffected by
variations in MnSOD levels. Remarkably, increased gene dosage of MnSOD significantly decreased
aneuploidy in pre-malignant thymocytes as well as the onset of tumor formation in Lck-Bax38/1
mice. The observed effects of MnSOD support a role for ROS in CIN and tumor formation in this
mouse model of T cell lymphoma.
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Introduction
Apoptosis is a tightly controlled process that regulates tissue homeostasis, normal
development, and the removal of damaged cells. The Bcl-2 family can be broadly divided into
those members that inhibit (Bcl-2) or promote cell death (Bax). Bcl-2 family members
primarily function at the mitochondria where they control the permeability of the outer
mitochondrial membrane and result in cytochrome C release and caspase activation. Many
cancers have demonstrated defects in apoptotic pathways. In many of these cases, increased
expression of anti-apoptotic Bcl-2 family members like Bcl-2 in human follicular B cell
lymphoma have been documented [1]. Mutational inactivation of pro-apoptotic factors like
Bax has been observed in colon cancer [2] and in some hematopoietic malignancies [3].
However, other studies suggest a paradoxical relationship between oncogenesis and the Bcl-2
family. Bcl-2 expression delays tumor formation in animal models [4,5] and high expression
of Bcl-2 is a favorable, independent prognostic factor in breast cancer [6]. Other studies link
high expression of pro-apoptotic Bax to accelerated cancer formation and to unfavorable
prognosis [4,7].

Several studies have suggested the paradoxical effects of Bcl-2 family members on oncogenesis
may involve maintenance of genome stability. For example, in a murine model of c-myc-
induced B cell lymphoma, Bcl-2 expression abrogated the selective pressure(s) needed to lose
p53 and prevented the formation of aneuploid cells [8]. Similar observations with regard to
Bcl-2 were also observed in other models [9]. In contrast, increased Bax (Lck-Bax38/1) was
associated with accelerated tumor formation in both p53 +/+ and p53 −/− mice [4,10]. In the
Lck-Bax38/1 model, CIN preceded tumor formation and occurred independent of p53 status.

In addition to their effects on cell death, a number of reports have demonstrated a link between
the Bcl-2 family and ROS. This link first emerged when it was observed that Bcl-2 expression
protected cells from hydrogen peroxide (H2O2)- and menadione-induced apoptosis [11].
Moreover, Bcl-2 deficient mice displayed pathologies associated with increased oxidative
stress such as follicular hypopigmentation and severe polycystic kidney disease [12]. Other
studies link pro-apoptotic Bax to increased oxidative stress. In one study, Bax expression
increased mitochondrial lipid oxidation and this event was necessary for Bax-induced cell death
[13]. In studies of sympathetic neurons, Bax expression was required for ROS generation after
nerve growth factor (NGF) withdrawal and the ROS production was upstream of the cell death
commitment point [14].

Numerous studies implicate ROS in the development of cancer but the source of, and a
mechanism linking ROS to cancer remains poorly understood. Failure to remove excess free
radicals can lead to protein and lipid oxidation as well as DNA damage. Increased free radical
formation can be generated from metabolizing chemical carcinogens from exogenous sources
acquired from dietary intake and/or exposure to environmental carcinogens such as cigarette
smoke and radiation. Free radicals are also generated from endogenous sources such as
mitochondria during aerobic respiration. To remove excess free radicals, the cell has evolved
a complex antioxidant system consisting of low molecular weight scavengers such as
glutathione as well as a system of antioxidant enzymes including the superoxide dismustases
and peroxidases. In human and mouse malignancies, variations in steady state levels of
antioxidants and oxidative damage to tissues have been documented. A number of studies have
demonstrated mice deficient in key antioxidant enzymes are prone to tumor development. For
example, mice deficient in CuZnSOD succumb to hepatocarcinogenesis [15]; MnSOD +/−
mice are prone to spontaneous lymphoma development [16]; and peroxiredoxin 1 −/− mice
succumb to a variety of malignancies [17].
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While the mechanism(s) linking ROS to cancer remains under investigation, several studies
link increased oxidative stress to CIN. CIN includes gains or losses of whole chromosomes
(aneuploidy), translocations, gene amplifications and deletions, and chromosomal breakage.
CIN has been proposed to be an enabling characteristic of tumor cells as it reflects the proclivity
of the genome to acquire further mutations requisite for oncogenesis [18]. One study
demonstrated that Chinese hamster lung fibroblasts expressing a mutant form of the
mitochondrial protein succinate dehydrogenase had increased superoxide levels and became
aneuploid [19]. Similarly, fibroblasts from MnSOD −/− mice had increased superoxide levels
but also displayed CIN in the form of chromosomal breakage and translocations [20]. Finally,
culturing cells in hydrogen peroxide results in altered ploidy and catalase gene amplification
[21].

Reduced levels of antioxidant enzymes, in particular MnSOD, have been reported in cancer
cells [22]. MnSOD is a nuclear encoded mitochondrial protein that is responsible for converting
superoxide radical (O2

•−) into hydrogen peroxide (H2O2) within the mitochondrial matrix.
Multiple studies have shown that increasing MnSOD expression in cancer cells has anti-tumor
effects. Cell growth, plating efficiency, cell growth in soft agar assays, and tumor formation
in nude mice were all reduced when MnSOD was expressed in melanoma, pancreatic, and
prostate cancer cell lines [23–25]. Moreover, transgenic overexpression of MnSOD suppressed
chemical-induced tumor formation in a mouse model of skin tumorigenesis [26].

Studies linking both the Bcl-2 family and ROS production to CIN prompted us to investigate
the tumor suppressive role of MnSOD in the development of T cell lymphoma in Lck-Bax38/1
transgenic mice. Transgenic mice with T cell-restricted overexpression of MnSOD (Lck-
MnSOD) and MnSOD +/− mice were crossed to Lck-Bax38/1 transgenic mice. The effect of
MnSOD expression levels on apoptosis, cell cycle, CIN, and tumor development in Bax
transgenic mice were determined. Our results demonstrate MnSOD levels influence the
oncogenic phenotype observed in Bax transgenic mice by attenuating pre-malignant
aneuploidy and the onset of lymphomagenesis.

Materials and Methods
Mice

Lck-Bax transgenic mice were previously described and are genotyped by polymerase chain
reaction (PCR) as previously described [10]. The Lck-MnSOD construct was generated by
blunt-end ligation of the full-length cDNA sequence of human MnSOD into the BamHI site
of the Lck-hGH vector [27]. Three independent lines (Lines A, B, and C) were generated with
two showing higher expression over endogenous mouse MnSOD levels. The line with the
highest level of expression (Line A) was crossed to Lck-Bax38/1 transgenic mice. Lck-MnSOD
transgenic mice were genotyped by PCR using a forward MnSOD cDNA primer (5’-
CAGATCATGCAGCTGCACCACAG-3’) and a reverse human growth hormone primer (5’-
GTAGCCATTGCCGCTAGGTGAG-3’). A small genomic region of Bcl-XL was amplified
for an internal control using the forward primer (5’-GATACAGCTGGAGTCAGTTTA-3’)
and reverse primer (5’-GGCCACGATGCGACCCCAGTT-3’). The primers produced a 600
bp fragment (MnSOD) and a 375 bp fragment (Bcl-XL) after 35 cycles (94°C X 1 min; 55°C
X 1 min; and 72°C X 1.2 min). MnSOD heterozygous mice were from the Jackson Laboratory
and crossed to Lck-Bax38/1 transgenic mice. MnSOD heterozygous mice were genotyped by
PCR using a forward MnSOD primer (5’-GTTGTGTCCTTTTTTGTCACC-3’) and a reverse
MnSOD primer (5’-TTCCTGTCTTTTCCTCCCC-3’). To amplify the PGK-HPRT insert in
the knockout allele, the following primers were used: forward (5’-
TGTTCTCCTCTTCCTCATCTCC-3’) and reverse (5’-ACCCTTTCCAAATCCTCAGC-3’).
The primers produced a 505 bp fragment (wild-type allele) and a 250 bp fragment (knockout
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allele) after 37 cycles (94°C X 1min; 56°C X 1 min; and 72°C X 2 min). Mice were maintained
on a C57BL/6 background.

Tumor development studies
All mice were maintained in the University of Iowa animal facility under a protocol approved
by the Institutional Animal Care and Use Committee (IACUC). Mice of the appropriate
genotypes were mated to obtain sufficient cohorts of animals needed for the tumor development
studies. Once entered into the tumor development study, mice were examined weekly for signs
of illness or malignancy. Ill animals were monitored more frequently and euthanized when
necessary to prevent unneeded suffering. All animals were monitored for up to 60 weeks and
then sacrificed for necropsy. As a group, the MnSOD +/− and Lck-MnSOD control animals
did not develop tumors at a significant rate and were similar to the MnSOD +/+ controls. When
possible, necropsies were performed on dead animals to determine the cause of death. In the
case of the Lck-Bax38/1 mice, nearly all the animals died from thymic lymphomas which in
most cases were confirmed by histological examination following H&E staining.

MnSOD activity assay
Manganese superoxide dismutase (MnSOD) activity was determined using the nitro blue
tetrazolium assay (NBT) method [28]. Briefly, this is a competitive inhibition assay where
superoxide dismutase competes with NBT for superoxide generated via the xanthine-xanthine
oxidase reaction. The rate of inhibition of NBT reduction to blue formazan (detected at 560
nM) was calculated to determine the SOD activity. Sodium cyanide (5 mM) is included to
inhibit copper-zinc superoxide dismutase activity (CuZnSOD) for the specific measurement
of MnSOD activity. One unit of activity is defined as that amount of protein that yields 50%
of maximal inhibition of NBT reduction by superoxide under the specified reaction conditions.

Cell cycle analysis
Cell cycle analysis was performed on propidium iodide-stained nuclei on a flow cytometer
equipped for doublet discrimination (FACSCalibur from Becton Dickson) as previously
described [4]. The percentage of proliferating thymocytes (%S/G2/M) was determined by
examining histograms after gating out doublet events on the basis of FL-2A versus FL-2W.
Cellquest software (Becton Dickson) was used for acquisition and either Cellquest or Flojo
software was used for analysis.

Dihydroethidium (DHE) staining
DHE staining was performed on freshly isolated thymocytes from 6–10 week old control and
Lck-Bax38/1 transgenic mice. Briefly, thymi from individual mice were excised and minced
into a single cell suspension. The erythrocytes were removed by a five-minute incubation at
room temperature in lysis buffer (10 mM Tris, 0.83% NH4Cl, pH 7.2). The cells were then
pelleted and resuspended in pre-warmed PBS (37° C) supplemented with 5 mM pyruvate
(Invitrogen) at a concentration of 1 X 106 cells/tube. The cells were then stained in the dark
with 10 μM DHE (Invitrogen, Cat D-11347) at 37° C for 40 minutes with intermittent shaking.
Afterwards, the cells were washed in PBS to remove excess DHE and stained with a FITC-
conjugated anti-Thy1.2 antibody at 4° C (eBioscience Cat 11-0902-82) to label T cells. DHE
fluorescence in T cells was determined by gating on Thy1.2 positive cells using a flow
cytometer (FACSCalibur from Becton Dickson).

Cytogenetic analysis
Cytogenetic analysis was performed on freshly isolated thymocytes. Briefly, 100 μg of
Colchicine (Sigma Cat#: C-9754) in PBS was injected intraperitoneally into each mouse to
enrich for mitotic cells. Approximately 40 minutes later, the mouse was sacrificed and the
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thymus was excised and minced into a single cell suspension. The cells were then hypotonically
swollen in 75 mM KCl (37° C) for 15 minutes followed by fixation in 3:1 methanol:acetic acid.
Metaphase spreads were obtained by dropping fixed cells onto microscope slides (Superfrost
Plus-Fisher Brand). The slides were stained with 10% Giemsa stain in Gurr Buffer (Invitrogen)
for 10 minutes, washed, mounted, and metaphase spreads were photographed. To determine
ploidy, chromosomes were counted from a minimum of 50 metaphase spreads/mouse in a
manner blinded to genotype.

Immunoblot analysis
Lysates prepared from pre-malignant thymi or thymic tumors were made in RIPA buffer (1X
PBS, 1% NP-40, 0.5% DOC, 0.1% SDS) supplemented with a protease inhibitor cocktail
(Sigma) and 2-mercaptoethanol. Protein concentration was determined using the DC Bradford
assay kit (Biorad). Proteins were transferred onto a nitrocellulose membrane (Biorad) and
stained with Ponceau S (Sigma) to determine transfer efficiency. The membranes were then
blocked in 5% dry fat-free milk in PBST (1X PBS, and 0.05% Tween 20) for 1 hour at room
temperature and probed with primary antibody overnight at 4°C. The following primary
antibodies were used: anti-MnSOD (Upstate Cell Signaling Solutions), anti-CuZnSOD (The
Binding Site Limited, UK), anti-Catalase (gift from Larry W. Oberley), and anti-Actin AC-40
(Sigma). After detection with the primary antibody, the membranes were washed in PBST
three times and incubated with the following horse radish peroxidase-conjugated secondary
antibodies in 5% dry fat-free milk in PBST for 2 hours at room temperature: Goat anti-Rabbit
(Caltag Laboratories), Goat anti-Mouse (Santa Cruz Biotechnology), and Donkey anti-Sheep
(Sigma). After incubation, the membranes were washed three times in PBST and the bands
were revealed in films following ECL staining (Perkin Elmer). Densitometry analysis was
performed with the UVP Bioimaging System (UVP Inc., Upland, CA). For quantitative
purposes, the ratio of protein expression/actin expression was normalized to transgene negative
control mice.

Statistical Analysis
Survival analysis was performed to assess time-to-death differences between the three
treatment groups (MnSOD +/+, MnSOD +/−, and Lck-MnSOD). Animals that were not
sacrificed during the experiment were treated as censored observations in the analysis.
Estimates of overall survival were obtained with the methods of Kaplan-Meier. Group
comparisons were based on the generalized log-rank test statistic of Fleming and Harington
(1981). Specifically, we specified that the test statistic weight group differences proportional
to the Kaplan-Meier estimates of survival calculated from the combined sample of study
animals. In other words, we used a weighted log-rank test that was powered to detect survival
differences between the three treatment groups that occur earlier in time. Analysis of the
distribution of aneuploidy percentages observed in the Lck-Bax38/1 transgenic mice showed
the data did not exhibit a normal distribution. Instead, some animals appeared similar to the
controls while other mice had markedly increased aneuploidy. Therefore, the Fisher’s exact
test was used to compare the different groups. A cutoff value of 5% was used based on the
frequency of aneuploidy observed in the transgene negative control mice. A two-tailed
Student’s t test was used to compare differences in cellularity, cell death, cell cycle, and
normalized protein expression between groups. A two-way analysis of variance (ANOVA)
was used to compare differences in DHE staining between Lck-Bax38/1 mice and transgene
negative controls.
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Results
Increased oxidative stress in thymocytes from Lck-Bax38/1 transgenic mice

To determine if enforced Bax expression increased free radical levels, DHE staining was
performed on pre-malignant thymocytes isolated from 6 to 10 week old Lck-Bax38/1
transgenic mice. Thymocytes were also stained with an anti-Thy1.2 antibody to ensure our
analysis focused specifically on T cells. Flow cytometric analysis of Thy1.2-postitive DHE-
stained thymocytes revealed two populations harboring different levels of DHE staining
(Figure 1A). The lower population had essentially the same fluorescence as unstained cells
(data not shown). We therefore based the analysis on the population with higher DHE
fluorescence. Thymocytes from Lck-Bax38/1 transgenic mice had an increase in DHE
fluorescence compared to control mice (Figure 1B). DHE staining of thymocytes from the Lck-
Bax38/1 were significantly higher when four independent experiments were analyzed (Figure
1C).

Antioxidant levels in Lck-Bax38/1 pre-malignant thymocytes and thymic tumors
—To determine if steady state levels of endogenous antioxidants varied in pre-malignant
thymocytes and in thymic tumors in MnSOD +/+ Lck-Bax38/1 mice, immunoblot analysis for
MnSOD, CuZnSOD, and Catalase was carried out. In the pre-malignant thymi, the average
antioxidant enzyme expression levels of 8 Lck-Bax38/1 mice were not statistically different
than controls (Figure 2A and B). However, two mice had approximately a three-fold increase
in MnSOD expression prompting us to further examine antioxidant levels in the tumors.
Significant differences in all three antioxidant enzymes were detected in thymic tumor lysates.
For MnSOD, increased expression was observed in six out of ten tumors whereas three had
reduced expression compared to normal thymic tissue. All tumors had displayed reduced
CuZnSOD expression. Nine out of ten tumors had increased catalase expression (Figure 2C
and D). These alterations in anti-oxidant enzyme levels and previous studies linking MnSOD
levels to tumor formation led us to examine the tumor suppressive properties of this enzyme
in Lck-Bax38/1 transgenic mice.

Generation of Lck-MnSOD transgenic mice
The human MnSOD cDNA was placed under control of the Lckpr promoter to restrict MnSOD
expression to the T cell lineage. Transgenic mouse lines were generated that expressed elevated
levels of MnSOD and the highest expressing line (Line A) was selected for subsequent studies.
Immunoblot analysis revealed a marked increase in protein expression in the Lck-MnSOD
versus the non-transgenic control mice (Figure 3A and B). Importantly, the precursor protein
was not detected in these lysates suggesting the mitochondrial leader sequence was efficiently
removed when the protein was imported into the mitochondria [29]. However, we cannot
exclude the expression of MnSOD in non-mitochondrial compartments. To verify that the
protein was functional, an activity assay was performed on lysates isolated from thymic tissue.
MnSOD activity was approximately nine-fold higher in Lck-MnSOD mice as compared to
control mice (Figure 3C). Since both Bax and MnSOD transgenes are being expressed off the
same promoter, the effect of the Lck-MnSOD transgene on Bax protein levels was determined.
Bax expression in the Lck-Bax38/1 mice was not reduced by the presence of the Lck-MnSOD
transgene. Normalized to Actin, Bax levels were 32.85 ± 25.02 (mean ± SD) in the Lck-MnSOD
positive mice and 21.74 ± 7.43 in the Lck-MnSOD negative mice.

The effect of MnSOD gene dosage on thymic cellularity and apoptosis
MnSOD expression has been reported to be anti-apoptotic in some settings [30]. To determine
if MnSOD levels affected Bax-induced apoptosis in vivo, thymic cellularity (known to be
reduced by enforced Bax expression) was assessed in MnSOD +/−, +/+, and Lck-MnSOD
mice. Thymic cellularity in Lck-Bax38/1 transgenic mice was not affected by MnSOD gene
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dosage (Figure 4A). Furthermore, MnSOD gene dosage did not affect either dexamethasone-
induced cell death or spontaneous in vitro cell death in either control or Lck-Bax38/1 mice
(Figure 4B).

The effect of MnSOD gene dosage on cellular proliferation
Enforced Bax expression increased the percentage of proliferating thymocytes in transgenic
mice [10] and shortened the transition time from G0/G1 to S phase in ConA-stimulated Bax-
expressing T cells [31]. To determine if MnSOD levels affect thymocyte proliferation in Lck-
Bax38/1 transgenic mice, cell cycle analysis of freshly isolated thymocytes was carried out.
As was shown in previous studies, the percentage of cells in S/G2/M was increased in Lck-
Bax38/1 mice; however, variations in MnSOD levels had no effect on thymocyte proliferation
in either the presence or absence of enforced Bax expression (Figure 5A and B).

Aneuploidy in Lck-Bax38/1 transgenic mice is attenuated by increased MnSOD expression
Previous studies have demonstrated that aneuploidy is an early event, relative to tumor
formation, in Lck-Bax38/1 mice [4]. To determine if MnSOD gene dosage affects aneuploidy,
quantitative cytogenetic analysis was carried out on thymocytes isolated from 6 to 12 week
old MnSOD +/−, MnSOD +/+, and Lck-MnSOD mice with and without Lck-Bax38/1
expression. All cytogenetic samples were prepared directly from the mice without in vitro
culturing to assure that the observed aneuploidy occurred in vivo. For each mouse, mitotic
spreads were stained with Giemsa, photographed, and the number of chromosomes in each
metaphase cell was counted. Based on the level of aneuploidy in control mice, a cutoff of 5%
was used for statistical analysis to determine if MnSOD affected aneuploidy. MnSOD +/− and
Lck-MnSOD control mice by themselves did not affect the level of thymocyte aneuploidy.
However, in the MnSOD +/+ Lck-Bax38/1 mice, eight out of nine had levels of aneuploidy
above the cutoff which was significantly different from the MnSOD +/+ controls. In the
MnSOD +/− mice, all six of the Lck-Bax38/1 mice had aneuploidy levels above the cutoff.
This was significantly different from the MnSOD +/− controls but was not significantly
different from the MnSOD +/+ Lck-Bax38/1 mice. Remarkably, increased MnSOD expression
significantly attenuated aneuploidy as only two out of eight Lck-MnSOD Lck-Bax38/1 mice
were aneuploid (Figure 6). In MnSOD +/−, +/+, and Lck-MnSOD control mice, the rare
aneuploid cells generally differed from diploid by the loss of one or two chromosomes that
likely represent chromosomes lost in sample preparation (data not shown). In contrast, the
distribution of the chromosome numbers in metaphase spreads from individual Lck-Bax38/1
mice regardless of MnSOD gene dosage frequently differed from diploid by a gain of one or
more chromosomes making an error in sample preparation unlikely (data not shown).

The effect of MnSOD gene dosage on lymphomagenesis
To determine if MnSOD exhibits tumor suppressive properties in this mouse model of
lymphoma, tumor formation was examined in Lck-Bax38/1 mice expressing various levels of
MnSOD. Spontaneous tumor formation in Lck-Bax38/1 mice was significantly accelerated in
MnSOD +/−mice compared to Lck-MnSOD transgene positive mice (Figure 7). Survival of
the MnSOD +/+ Lck-Bax38/1 mice was intermediate between the Lck-MnSOD transgene
positive mice and the MnSOD +/− mice. This study was not powered to detect differences in
tumor formation of this magnitude but the observed dose response reinforces the significant
difference between the MnSOD +/− mice and the Lck-MnSOD mice.

MnSOD protein expression is retained in MnSOD +/− Lck-Bax38/1 thymic tumors
A limited number of studies have reported loss of heterozygosity (LOH) for MnSOD in
malignancy [32]. To determine if the wild-type MnSOD allele is lost in tumors from MnSOD
+/− Lck-Bax38/1 mice, protein expression was determined by immunoblots. Ten out ten
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MnSOD +/− Lck-Bax38/1 tumors examined retained MnSOD protein expression (Figure 8).
While MnSOD enzyme activity was not determined, normalized MnSOD protein expression
in thymic tumors was approximately half that of pre-malignant MnSOD +/+ thymic controls.
While these studies do not rule out point mutations that disrupt MnSOD activity in these tumors,
point mutations in the MnSOD gene have not been previously described in human or murine
tumors. These results are consistent with studies in humans in which MnSOD protein and
activity are reduced but not completely lost in cancer and suggest that LOH is an infrequent
event in tumors arising in MnSOD +/− mice.

Discussion
Oxidative stress is thought to play an integral role in oncogenesis. Many studies have shown
that ROS-mediated DNA damage can promote oncogenic transformation by increasing
mutation rates [33]. In addition to being mutagenic, recent studies have shown that ROS can
function as second messengers in signal transduction pathways [34]. These pathways are
known to influence various cellular processes such as proliferation, survival, and motility. Not
surprisingly, activation of one or more of these signal transduction pathways could augment
oncogenic transformation. Previous studies of Lck-Bax38/1 transgenic mice demonstrated
increased thymocyte proliferation [10] and increased CIN [4]. In this study, increased DHE
staining in pre-malignant thymocytes from Lck-Bax38/1 transgenic mice and significant
changes in MnSOD, CuZnSOD, and Catalase protein expression in thymic tumors suggest that
ROS pathways may be involved in this model. Based on these observations and other studies
that demonstrate members of the Bcl-2 family can modulate ROS, we hypothesized that
oxidative stress was contributing to the pathogenesis of lymphoma formation in Lck-Bax38/1
mice and that alteration of MnSOD gene dosage may impact tumor formation in this model.

MnSOD has been shown to influence cell death pathways. Many reports have demonstrated
increased MnSOD expression can suppress apoptosis induced by a variety of different stimuli
[35]. In contrast, MnSOD deficiency increased apoptosis in cardiomyocytes [36] and
hepatocytes from MnSOD +/− mice exhibited age related decline of mitochondrial function
had increased apoptosis [37]. In the studies described herein, increased or reduced MnSOD
expression did not appear to affect thymocyte apoptosis in either control or Lck-Bax38/1
transgenic mice. Both in vivo death as measured by cellularity data and in vitro death following
dexamethasone treatment or spontaneous cell death were altered by MnSOD dosage. Of note,
increased MnSOD enhanced dexamethasone induced death of IM-9 multiple myeloma cells
[38]. However, we did not observe an increase in death in thymocytes expressing MnSOD.
Thus alterations in apoptotic pathways do not appear to explain the tumor suppressive
properties of MnSOD.

Many studies have shown that increased expression of MnSOD exhibits tumor suppressive
properties. In many of these studies, the tumor suppressive effect of increased MnSOD
expression appears to affect cellular proliferation and this activity has been proposed to explain
the tumor suppressive properties of MnSOD (Figure 9) [39]. It has been posited that the tumor
suppressive effect of MnSOD is based on changing the cellular redox state by altering the
superoxide/hydrogen peroxide balance [39,40]. This in turn can affect signal transduction
pathways that govern cellular proliferation and therefore contribute to malignant
transformation. However, in this study, MnSOD gene dosage had no effect on cellular
proliferation in either pre-malignant control or Lck-Bax38/1 thymocytes. This suggests that
the tumor suppressive activity of MnSOD may involve pathways other than cellular
proliferation.

Finally, MnSOD may be a tumor suppressor by limiting genomic instability caused by ROS.
Numerous studies link ROS to genomic instability. ROS can damage DNA directly by forming
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base modifications such as 8-OH-dG, DNA-protein cross links, and can physically induce
strand breakage, which can introduce mutations into the genome [41]. Alternatively, ROS may
inactivate components of the mismatch repair pathway [42] and indirectly result in a “mutator
phenotype” [43]. At the chromosome level, oxidative stress can also promote CIN in the form
of aneuploidy and chromosomal breakage and translocations. CHO cells cultured in increasing
amounts of hydrogen peroxide displayed changes in ploidy as well as catalase gene
amplification [21,44]. Fibroblasts derived from MnSOD −/− mice displayed increased
dihydroethidium oxidation, a superoxide sensitive dye, as well as chromosomal aberrations in
the form of breakage and translocations [20]. Similarly, another study has implicated
superoxide radical as inducing CIN when Chinese hamster lung fibroblasts expressing a mutant
form of succinate dehydrogenase subunit C had increased superoxide production and became
aneuploid [19]. Of note, this phenotype was reversed upon restoration of the wild-type isoform
in mutant-expressing cells. In the studies described here, MnSOD significantly reduced
aneuploidy in thymocytes isolated from young mice. The dramatic reduction in thymic
cellularity (due to Bax expression) confirms that this effect precedes overt tumor formation.
Since the only known function of MnSOD is its anti-oxidant activity, these results support an
important role for ROS in both CIN and lymphoma development in this model. These
observations are in concordance with other studies implicating ROS as an upstream mediator
of CIN and support the hypothesis that increased ROS promotes CIN in this lymphoma model.

Variations in MnSOD expression levels did have a significant effect on tumor formation in
Lck-Bax38/1 transgenic mice. These results can be explained in the context of MnSOD activity.
Previous reports have shown that MnSOD +/− mice have approximately half of the enzyme
activity as compared to their wild-type counterparts in various tissues [16,36]. Our results have
demonstrated that thymic MnSOD activity in Lck-MnSOD transgenic mice was approximately
nine fold more than that of MnSOD +/+ controls (Figure 3). Since tumor formation in Lck-
Bax38/1 mice was significantly accelerated in MnSOD +/− mice compared to Lck-MnSOD
transgene positive mice, these findings support the hypothesis that MnSOD as a tumor
suppressor and are consistent with a role for ROS in the development of CIN. Studies of DHE
oxidation and fluorescence of thymocytes from Lck-Bax38/1 mice support a role for ROS in
this process (Figure 1). However, we note that DHE staining was not significantly reduced by
enforced expression of MnSOD (data not shown). This suggests that over-expression of
MnSOD may not alter basal levels of oxidant production under physiological conditions but
only becomes important under pathological conditions.

The current study supports a pathogenic role for ROS in Bax-induced lymphoma. While
conflicting data exist concerned the mechanism for ROS in tumor formation (Figure 9), these
studies support a model where Bax-induced lymphoma formation involves ROS mediated
alterations in CIN that are independent of any changes in cell death or cell proliferation. This
data also supports the model that CIN is an early precursor lesion in cancer and “enables” the
additional genetic changes required for malignant transformation [18].
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Figure 1. Increased DHE oxidation in Lck-Bax38/1 transgenic mice
Thymocytes from control and Lck-Bax38/1 mice were isolated and stained with DHE as
described in the Materials and Methods. Contour plots of viable (based on FSC-SSC staining)
Thy1.2-positive lymphocytes is shown. The plots illustrate the two populations that are
observed in these experiments and the gating strategy use to analyze the DHE high population.
(B) Representative histogram overlay of the DHE positive population from the Lck-Bax38/1
sample (heavy dark line) and the control sample (light gray line). (C) The FL2-H mean
fluorescence intensity (DHE-MFI) values (Mean +/− SEM) from four independent experiments
is shown. In all four experiments, thymocytes from Lck-Bax38/1 mice had increased DHE
staining relative to control mice.*P <0.01 using a two-way analysis of variance (ANOVA).
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Figure 2. Altered antioxidant levels in Lck-Bax38/1 thymic tumors
Protein levels of key antioxidants were assessed in thymi isolated from control and MnSOD
+/+ Lck-Bax38/1 premalignant mice and thymic tumors from these mice. Immunoblot analysis
for MnSOD, CuZnSOD, and Catalase from pre-malignant thymi (A) and thymic tumors (C)
are shown and compared to samples from three control non-transgenic thymi. Quantification
of antioxidant protein expression in pre-malignant thymi (B) or thymic tumors (D) from Lck-
Bax38/1 mice is normalized to Actin. Each diamond corresponds to the relative amount of
protein expression from an individual thymus or thymic tumor. Statistical significance for
differences in antioxidant expression in both Lck-Bax38/1 pre-malignant thymi and thymic
tumors were assessed by a two-tailed Student’s t test. The mean value for all three enzymes
were not statistically different between pre-malignant Lck-Bax38/1 mice and control thymi
while the mean values in the tumors were significantly different from the controls (*p<0.05).
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Figure 3. Increased expression and activity of MnSOD in transgenic mice
Thymocyte lysates were isolated from three control and three Lck-MnSOD transgenic mice as
described in the Materials and Methods. (A) Immunoblot analysis for MnSOD from transgene
negative (MnSOD +/+) and transgene positive mice is shown. (B) Quantification (Mean ± SD)
of MnSOD thymocyte protein expression normalized to Actin is shown. (C) MnSOD activity
(Mean ± SD) in thymocyte lysates from three transgene negative (MnSOD +/+) and three Lck-
MnSOD mice is shown.
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Figure 4. MnSOD gene dosage does not affect thymic cellularity and apoptosis
(A) The total number of thymocytes from mice of the indicated genotypes is shown. Each
diamond corresponds to the total number of viable thymocytes observed from an individual
mouse. (B) The graph shows in vitro thymocyte viability (trypan blue exclusion) from mice of
the indicated genotypes either 12 hours after treatment with 1 μM dexamethasone (Black bars)
or 48 hours in culture in the absence of any treatment (Gray bars). The data shown are the mean
± SD from two independent experiments.
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Figure 5. MnSOD gene dosage does not alter thymocyte cell cycle in control or Lck-Bax38/1
transgenic mice
(A) Shown are representative DNA content profiles or propidium iodide stained cells from
mice of the indicated genotypes. The percentage of proliferating (%S/G2/M) cells for each
panel is indicated. (B) The % S/G2/M (mean ± SD) of thymocytes from 6–12 week old mice
of the indicated genotype is shown. A minimum of four mice was examined in each group.
While Lck-Bax38/1 transgenic mice had a higher fraction of dividing cells, MnSOD gene
dosage had no significant effect on thymocyte proliferation in either control or Lck-Bax38/1
mice.
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Figure 6. MnSOD gene dosage affects thymic aneuploidy in Lck-Bax38/1 transgenic mice
Shown are the percentage of aneuploid thymocytes from mice between 6 and 12 weeks of age.
Each diamond represents the percentage of aneuploid cells observed in a minimum of 50 thymic
metaphase spreads from each individual mouse. Statistical significance for ploidy analysis was
assessed by Fisher’s exact test as described in the Materials and Methods. *p<0.01 vs transgene
negative control mice. Lck-MnSOD expression attenuated aneuploidy in Lck-Bax38/1 mice.
†p<0.05 vs MnSOD +/+ Lck-Bax38/1 mice. ‡p<0.01 vs MnSOD +/− Lck-Bax38/1 mice.
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Figure 7. MnSOD gene dosage affects the onset of tumorigenesis in Lck-Bax38/1 transgenic mice
Kaplan-Meier lymphoma free survival analysis of Lck-Bax38/1 mice on backgrounds
expressing various levels of MnSOD is shown. MnSOD +/+ (●), MnSOD +/− (□), and Lck-
MnSOD (♦) mice were followed for lymphoma free survival as described in the Materials and
Methods. Lymphoma formation in Lck-Bax38/1 mice was significantly (P=0.015) accelerated
in MnSOD +/− mice compared to Lck-MnSOD transgene positive mice. Tumor formation of
the MnSOD +/+ Lck-Bax38/1 was not significantly different from either the MnSOD +/−
(P=0.062) or Lck-MnSOD (P=0.400) but survival of these mice was intermediate between the
groups supporting a dose response relationship between tumor formation and MnSOD
expression levels.
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Figure 8. MnSOD protein expression is retained in MnSOD +/− Lck-Bax38/1 thymic tumors
Thymocyte and thymic tumor lysates were prepared from mice of the indicated genotypes. (A)
Immunoblot analysis for MnSOD expression in three MnSOD +/+ control thymi and ten
MnSOD +/−Lck-Bax38/1 thymic tumors is shown. (B) Quantification (Mean ± SD) of MnSOD
protein expression normalized to Actin is shown. The means of these groups were not
significantly different.
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Figure 9. Model for Bax induced lymphoma formation
Previous studies suggest that ROS may promote malignant transformation by one of two routes
either involving cellular proliferation or genomic instability. We hypothesized that Bax-
induced lymphoma was mediated in part by alterations in ROS. The current study supports this
hypothesis by demonstrating that MnSOD levels alter aneuploidy and the rate of tumor
formation in Lck-Bax38/1 mice. Furthermore, since MnSOD had no impact on pre-malignant
cellular proliferation in this model, the data suggest that the major route for ROS involvement
in this model is via alterations in genomic instability (heavy arrows) as opposed to changes in
mitogenic pathways (dotted arrows).
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