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Figure 4-14. Hemin and anti-oxidant therapy partially rescues EPP-like phenotype. Mice
were treated with respective drug for 7 days. Complete blood count (CBC)
analysis performed on days 0, 3, and 7. Dotted black line indicates SOD2"' "
vehicle treated, Solid black line indicates SOD2"’ b drug treated, Dotted
grey line indicates SOD2'~ vehicle treated, Solid grey line indicates SOD2"/

drug treated. Six mice of respective genotypes were analyzed per

experiment; data are shown as mean and s.d. Where applicable, * = p<0.01
by Student’s t-test versus SOD2"’
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Figure 4-15. Mito-tempol supplementation partially suppresses TBARS accumulation.
Thiobarbituric acid reactive substances (TBARS) assay on total blood
plasma and total spleen isolates with and without mito-tempol
administration. Three mice of respective genotypes were analyzed per
experiment; data are shown as mean and s.d. Where applicable, * = p<0.01

or ¥ =p<0.05 by Student s t-test versus SOD2"'"; @ = p<0.01 by Student’s
t-test versus SOD2™/
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CHAPTER V - DISCUSSION

Differential Tissue Sensitivity

The projects described herein outline the importance of SOD2 and the
maintenance of the mitochondrial redox environment in cells of hematopoietic lineages.
It was observed that hematopoietic lineages demonstrated significant pathogenesis in
response to the loss of SOD2, while characterization of non-hematopoietic tissues (e.g.
mammary and liver) showed limited aberrations. One explanation for this finding may be
due to the basal levels of superoxide dismutase activity found in these tissues. It has been
reported that levels of total superoxide dismutase activity in the liver and mammary are
approximately 250 and 111 U/mg protein respectively, while lymphocytes and
granulocytes are estimated at only 52 and 16 U/mg respectively”*>**. This may be
attributed to the differential number of mitochondria within the respective tissues. It may
be hypothesized that lower levels of SOD enzymes (in addition to other antioxidant
enzymes) predispose hematopoietic cells to increased susceptibility to oxidative damage
at normal levels, and decreased or pathogenic levels may elicit catastrophic effects.
Additionally, while numerous studies have been performed estimating total SOD activity

in mature erythrocytes™> >

, insufficient data exists examining the amount of SOD2
specific activity in erythrocyte precursor cells. Our data provide significant evidence that
these studies are warranted to understand the relative contribution of manganese
superoxide dismutase activity in developing erythrocytes.

An alternative hypothesis for the increased tissue specific pathogenesis of SOD2
loss involves the function and systemic location of hematopoietic cells. While the
majority of organ systems have static locations within the body, the hematopoietic system
remains dynamic and has constantly changing niches within the body. Furthermore, these

rapid relocations of cells expose them to extremes in oxygen tensions depending on their

systemic location. These factors could explain the essential need for properly function
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anti-oxidant capacity amongst these hematopoietic cells, as when deficient, the cells may
succumb to the acute environmental changes in which they are exposed. In addition, the
cellular function of hematopoietic cells may increase the potential to damage by oxidative
stress. Leukocytes including granulocytes and lymphocytes function to eliminate
pathogens, and this is partly accomplished by producing reactive oxygen species.
Decreases in anti-oxidant enzymes may create too harsh of an environment for the white
blood cells to survive their own neutralizing processes. In contrast, erythrocytes have the
simple function of carrying oxygen to all tissues in the body. This function exposes these
cells to high oxygen tensions, and along with the high concentration of iron within these
cells allows for the potential for significant production of reactive oxygen species.
Maintenance of oxygen in its molecular state and elimination of free radicals appears
critical to normal function of erythrocytes, which may explain their increased sensitivity
to the loss of SOD2 in our models.

Finally, the rapid replication and turnover of hematopoietic cells could be an
additional contribution to the increased vulnerability to SOD2 loss. It has been shown
that cells that are rapidly dividing demonstrate an increased susceptibility to damage by
reactive oxygen species compared to non-dividing or senescent cells. This has been
attributed to oxidative damage that occurs on nucleic acid, and is propagated to future
cellular progeny. As previously discussed, erythrocytes are created and broken down
throughout the lifetime of an organism. Additionally, leukocytes are rapidly proliferating
throughout the development of mammals prior to adulthood. Both of the hematopoietic
SOD2 knock-out strategies used in this research study remove SOD2 at a very early stage
in the development of these organ systems, and as such the effects would be elicited
during high proliferating times in these cells. The non-hematopoietic knock-out models
(e.g. mammary and liver) remove SOD2 once the organs have fully developed and have
minimal cellular populations that are actively dividing. In essence, the amount of cellular

damage may be comparable between all knock-out models examined, but the propagation
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and phenotypes of the oxidative damage effects masked depending on the replication
stage of the cells that are affected. Overall, the loss of SOD2 and increased mitochondrial
oxidative stress appears to express differential effects depending on the organ system
which the deletion occurs. These findings may prove to be essential in the understanding
of the role of reactive oxygen species and disease, as a tissue specific as opposed to a
global phenomenon may be a more accurate description of the consequences of increased

oxidative stress.

Lck-Cre versus Vav-iCre Mediated SOD2 Deletion

Two models were used in the examination of SOD2 loss in the hematopoietic
system (i.e. Lck-Cre or Vav-iCre mediated recombination). While the Vav-iCre model
was primarily used to study the erythrocyte population, all hematopoietic cell lineages
were recombined for SOD2. This allows for the comparison between the two models on
the thymocyte population specifically.

To date, very limited studies have been performed in comparing these two
populations allowing for extensive future projects in identification of the temporal
significance of SOD?2 loss in a specific tissue type. The first difference that was
characterized between the two models was a difference in thymus cellularity. When
examining thymuses from both models, it was observed the Lck-Cre model demonstrated
a significant decrease in total cellularity (by trypan blue exclusion counting), but the Vav-
iCre models showed no change in cellularity when compared to controls (using the same
counting method). Initially, this may be explained in that the loss of SOD2 loss at a stem
cell stage in development (i.e. Vav-iCre) produces a differential effect compared to a
later stage thymic knock-out (i.e. Lck-Cre). It could be speculated that the early loss of
SOD?2 allows for a compensatory change within the lymphocyte population that allows
for attenuation of the oxidative stress and thus limits the stress placed upon the cell.

While a compensatory change may occur within the Vav-iCre cellular populations, the
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data do not suggest compensation in anti-oxidant capacity. Oxidative stress was shown to
be comparable in both Lck-Cre and Vav-iCre thymoctyes extracted at the same age in
development. Additionally, no change in a variety of anti-oxidant enzyme mRNA’s (e.g.
catalase, SOD1, and GPX1) has been observed in either model when compared to their
littermate controls. These data suggest an alternative hypothesis for the differential
thymocyte counts within the respective models.

In addition to the total decrease in cellularity noted in Lck-Cre thymuses, specific
T-cell subsets were also shown to be decreased. This analysis has not been performed to
date on the Vav-iCre thymocytes, and is essential for the accurate comparison of T-cell
populations between the two models. Furthermore, it may be beneficial to analyze both
models for the presence of erythroid precursors in the thymus. Preliminary microarray
analysis of SOD2 knock-out thymocytes showed increases in heme and globin synthesis
in the Vav-iCre but not the Lck-Cre thymus. These data either suggest a significant loss
of control of gene expression amongst thymocytes in the Vav-iCre model, or the potential
for the thymus to be performing extramedullary hematopoiesis similar to the spleen and
liver in that model. The presence of erythroid precursors within the Vav-iCre thymuses
but not the Lck-Cre model would explain this differential gene expression. It should be
noted that while these microarray data display potential deregulation of genes due to the
loss of SOD2, the methodology in obtaining the data presents with limitations.
Microarrays were performed by pooling equal molar amounts of mRNA extracted from
age and sex matched thymocytes of 3 animals of respective groups (i.e. Lck-Cre, Vav-
iCre, or controls). Analysis of this type presents putative genes that may be altered, but
does not allow for statistical analysis or heat or cluster map creation, and as such a false
discovery rate may be significantly higher than normal. This methodology also only
demonstrated very few (~10) genes that were significantly changed, which is highly
unlikely due to the global effects the loss of SOD2 elicits within a cell. To accurately

depict valid changes in gene expression, the microarray analyses should be performed
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again using only mRNA from a single mouse per analysis. This should be repeated in a
minimum of biological triplicate, and the data then quantified for statistical significant
changes. Finally, these putatively altered genes need to be validated by quantitative PCR
methods before conclusions may be drawn as to their role in the loss of SOD2.
Understanding of any deregulation of gene expression due to the increase in
mitochondrial superoxide may illuminate currently unknown oxidative stress sensitive
signal transduction pathways that may be targeted for therapeutic intervention, and merits
further examination.

Last, the Lck-Cre model demonstrated an attenuated immune response when
challenged with influenza. Pathogenic challenge has not been attempted on the Vav-iCre
model, and this approach could further the understanding of the developmental timing of
SOD2 knock-out in these animal’s thymocytes. One caveat to performing these
experiments is the confounding effect of the severe anemia in the Vav-iCre mice. This
alone could render these mice susceptible to the pathogen challenge, and not truly test the
prowess of the T-cell population. An elegant approach to assess the functionality of only
the T-cells would be to isolate thymocytes from either a Lck-Cre or Vav-iCre mouse and
tail-vein inject them into mutant-RAG nude mice. The thymocytes will repopulate the T-
cell population in these immunodeficient mice, and following this the pathogenic
challenge may be administered. It would be hypothesized that both models would
produce immunodeficient mice based upon the Lck-Cre data, but any variation from this
predicted outcome could indicate a specific temporal response to the loss of SOD2 and T-
cell development. Overall, a variety of experiments still remain that can further the
understanding of the role of SOD2 and mitochondrial superoxide in the hematopoietic
compartment, and could lead to novel targets for a vast list of diseases that demonstrate

increased oxidative stress.
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Signaling and Epigenetics

The current findings suggest an excess of mitochondrial superoxide during
hematopoietic development tilts the intracellular redox potential, and this imbalance leads
to significant pathology depending on the specific lineage affected. However, further
studies are required to examine specific signaling pathways that are affected by increased
mitochondrial superoxide. It would be predicted that redox-sensitive signaling cascades
such as NFKB64, AP-163, or JAK/STAT? may be affected, and as such may in part
explain the pseudo-activated state in the Lck-Cre model and microarray results observed
in this study. Furthermore, the role of post-translational modifications on proteins such as
the hypoxia inducible factor (HIF-1a) could also serve as valuable information on how
ROS regulate cellular signaling”’. Moreover, elucidation of how ROS affects peripheral
lymphocyte mitosis, proliferation, and expansion in antigen unchallenged and challenged
mice also warrants further examination. Another method of disrupting normal gene
regulation would be through alterations in epigenetics. Epigenetic control of genes
includes but is not limited to DNA methylation, histone modifications, and global

229 Recent studies have demonstrated that mitochondrial

chromatin remodeling
metabolism perturbations may lead to nuclear epigenetic changes, and as such
deregulation of gene expression™®. It may be hypothesized that the significant increase of
mitochondrial superoxide, disruption of iron homeostasis, and inactivation of metabolic
enzymes in our mouse models may lead to epigenetic changes, which could cause a loss
of proper gene expression®”". Understanding and mapping how the redox environment

affects the control of gene expression may lead to novel therapeutic targets for genes that

have been pathologically epigenetically silenced or expressed in disease.
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Examination of Other Anti- and Pro-oxidants

This study primarily focused on mitochondrial superoxide produced as an effect
of loss of SOD2. The loss of this critical anti-oxidant demonstrated significant effects on
target cells. SOD2 has a very specific role of attenuating superoxide compartmentalized
to the mitochondria. With this, it may also be beneficial to understand the role of
compartmentalization of superoxide (e.g. cytoplasmic, extracellular, etc), and expand
these studies using SOD1?* or SOD3°” conditional knock-out animals. Due to the fact
that both SOD1 and SOD3 constitutive knock-out animals are viable and have no gross
pathologic phenotype as compared to the constitutive SOD2 knock-out mouse®* *7- #8301,
it would be postulated that superoxide compartmentalization may explain this
phenomenon at least in part. We observed that elevated mitochondrial superoxide levels
had severe effects on T-cell and erythrocyte development, but it may be postulated that
elevated superoxide in different cellular and tissue compartments may lead to a spectrum
of developmental, functional, or disease (e.g. cancer) predispositions. Alternatively, the
loss of other anti-oxidant enzymes such as catalase (CAT) or any of the glutathione
peroxidases (GPx) could also potentially lead to increases in steady state levels of
oxidative stress. Furthermore, mutations affecting oxidative respiration may lead to
increased production of superoxide and other ROS in the mitochondria. It would be
hypothesized that the phenotypes observed in our studies are not completely specific to
the loss of SOD2, but may be due to alterations in the redox environment and as such
extending our work to include other methods of perturbing the oxidative balance could
prove informative.

We focused our examinations on mitochondrial superoxide specifically and the
consequences of its excess on the development of the hematopoietic system. An in depth
analysis of other reactive oxygen species (e.g. hydrogen peroxide, peroxynitrite, hydroxyl

radical, etc) may prove highly informative to further understand the part each plays in
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development and function of organ systems. These data could serve as a platform for
targeting specific immunodeficiencies and hematopoietic diseases that are currently not
well understood and may be due to alterations in redox status, and tailor anti-oxidant

therapies accordingly.

Alternative Hematopoietic Targets

At this time the nature of the differences in cell type specificity and
developmental timing of superoxide toxicity are poorly understood, but our findings
warrant further investigation into possible mechanisms mediating these differential
sensitivities. Using the appropriate cre-recombinase mouse, this SOD2 floxed mouse

could be expanded to examining other elements of the immune system (e.g. B-cells’”,

neutrophils®®”, macrophages®”, etc), different time points in development®*! 4% 3%,

or
other organ systems all together®” !, Additionally, while studies with the Vav-iCre mice
were primarily focused on erythrocytes and erythrocyte antecedents, it must be noted that
SOD2 was absent in all hematopoietic cells including lymphocytes, neutrophils,
macrophages, and megakaryocytes. For this reason, the conditional knock-out model
provides an optimal platform for studying other immunological and hematological effects
of SOD?2 loss such as innate immunity, acquired immunity, and clotting. It must be noted

that this model will always provide a confounding effect of having all the hematopoietic

lineages knocked-out, which may significantly alter a phenotypic effect.

mRNA versus Protein and Activity

The enzymatic function of SOD2 is the dismutation of superoxide, but it is
feasible that the mRNA or protein may possess other functions other than the established
enzymatic catalytic activity. In our model of SOD2 deletion, exon 3 (the catalytic site) of
the enzyme is recombined by cre-recombinase. This recombination does not allow for a

functional protein to be translated, but the mRNA transcript is fully formed. Due to this,
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it is highly unlikely that the pathogenesis brought on by the knock-out is due to a lack of
SOD2 mRNA transcript. Our data suggests that the phenotypes observed are primarily
due to the lack of catalytic activity of our knock-out, as anti-oxidant supplementation is
able to rescue the observed pathology. To assess if the protein alone possesses any
cellular function other than the dismutation of superoxide, a catalytically inactive form of
SOD?2 could be reintroduced into our knock-out model by either viral transduction or an
appropriate breeding scheme. In this manner, any potential rescue or exacerbation of a
phenotype could be attributed to any non-enzymatic function of SOD2. This would not be
expected to occur, as many experiments using catalytically inactive SOD molecules have

shown no added benefit when added as a rescue’®>7.

Anti-oxidant Rescues

In this study, it was demonstrated that the loss of immunocompetence in a Lck-
Cre SOD2”" background could be rescued using a mitochondria-targeted superoxide
scavenger; an example of the aforementioned tailoring of specific therapies to
immunodeficiencies. Serendipitously, it was shown that SOD2"" mice with fully
developed and functional adaptive immune systems also responded to the pharmaceutical
intervention. These mice were shown to have significantly increased numbers of
thymocytes compared to untreated control animals, and this appeared to be due to a
decreased apoptotic fraction. At first glance, it appears that this increase in T-cells could
potentially be a boost in immune system prowess, but SOD2"" mice treated with
superoxide scavengers showed no significant increase/decrease in the ability to recover
from influenza A, HIN1 infection (data not shown). This finding is most likely attributed
to the hypothesis that the increase in T-cells is due to an inhibition of proper apoptotic
death of cells destined to die in the thymus (i.e. non-functional cells, cells that are self-
recognizing, etc) as opposed to the expansion of pathogen specific immune cells. While

in the short-term this had no observable consequence, it is speculated that the preserving
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of the cells predestined for death could lead to the potential for auto-immunity.
Additional studies will be needed to confirm this potential role of superoxide in the
development of autoimmune diseases in both mouse and humans.

It was previously described that anti-oxidant supplementation had a beneficial
effect on the Vav-iCre anemia phenotype, yet the phenotype was never able to be
restored to control levels. One explanation for this could be due to the short time course
that these mice were treated, and as such longer time points could be assessed in the
future. It was also discussed that the anti-oxidants such as NAC may be having additional
effects in addition to their attenuation of free radicals. One of these effects may be in the
blocking of cell cycle progression. We initially attributed the decrease in reticulocytes
after NAC treatment to the beneficial heme rescuing effect, but cell cycle inhibition could
also potentially explain the decrease in circulating reticulocytes as the production may
have been inhibited. To properly delineate between the two effects, mice could be treated
with NAC or another anti-oxidant for a longer time course and then assessed for EPO
production by their kidneys. In the event the mice were truly being rescued, it would be
hypothesized that EPO production would decrease; if cell cycle was inhibited, EPO
production would not change. To date, no studies exist demonstrating mitochondrially
targeted nitroxide anti-oxidants inhibit the cell cycle, but these studies could prove

beneficial when studying the effects of the clinically relevant drug NAC.

Males versus Females

In this study, equal numbers of male and female mice were used for all assays in
both the Lck-Cre and Vav-iCre models, but anecdotally it was observed in many cases
that females demonstrated more pronounced outcomes due to the effects of altering
steady-state superoxide levels. With the understanding that females are more prone to
auto-immune diseases as well as the recent observation of different anti-oxidant

308

capacities in females and males™", this preliminary observation may warrant further



162

examination of this phenomenon in similar models of adaptive immune system anti-

oxidant alterations.

SOD2 Knock-out versus Mutant FECH Mouse Model

It is of note that another mouse model of EPP exists in which ferrochelatase has

been directly mutated and rendered inactive’”

. While homozygous ferrochelatase mutant
mice demonstrate a severe EPP-like phenotype including hemolytic anemia, skin
photosensitivity, liver dysfunction, and elevated porphyrins, the heterozygotes display a
milder phenotype. The heterozygotes present with approximately 50% ferrochelatase
activity, but show no predisposition for anemia, skin photosensitivity, or liver
dysfunction. In fact, the only observed phenotype in the ferrochelatase heterozygote
mutants is slightly elevated levels of porphyrins in various tissues. These results are in
direct contrast with the conditional Vav-iCre SOD2 knock-out mouse described herein, as
the loss of SOD2 in hematopoietic precursor cells causes a comparable 50% decrease in
ferrochelatase activity but gives way to severe anemia, increased porphyrins, and
increased skin disease. To explain this discrepancy, the mechanism behind each model
must be examined. In the ferrochelatase mutant model only the activity of ferrochelatase
1s affected, while in the SOD2 conditional knock-out the increase in mitochondrial
superoxide may have broad-reaching effects on many cellular enzymes, lipids, and
nucleic acids. It was observed that the loss of SOD2 caused an increase in oxidative stress
end products (i.e. TBARS), which could also contribute to the observed phenotype in
these mice. To date, no examination of oxidative stress or oxidative stress damage has
been assessed in the ferrochelatase mutant mouse. Last, the higher steady-state level of
superoxide within the conditional SOD2 knock-out mouse leads to an imbalance in the
redox status of labile iron pools, as demonstrated by an increase in Fe’"-transferrin. This
oxidation, as a consequence of increased free radicals, not only renders these iron pools

unusable for heme synthesis (as Fe*" is required), but also allows for ensuing Haber-
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Weiss and Fenton chemistries to produce an abundance of more damaging reactive
oxygen species such as hydrogen peroxide and hydroxyl radical. Taken together, while
both the ferrochelatase mutant and conditional SOD2 knock-out mouse models of EPP
demonstrate 50% ferrochelatase activity, it appears the loss of SOD2 has a greater
systemic effect most likely attributed to the non-specific nature of superoxide reactivity

within erythrocyte progenitors.

Comparison and Contrast of Another Model of

Hematopoietic Stem Cell SOD2 Knock-out

These results demonstrate the first description of an EPP-like phenotype due to
the conditional loss of SOD2 in the hematopoietic system. In 2001, Friedman et al.
created a marrow-deficient SOD2 mouse by lethal irradiation of a host mouse followed
by subsequent transplantation of SOD2" '~ fetal murine liver stem cells capable of

. i 310,311
hematopoiesis™

. In depth phenotypic analysis of these animals was conducted, and it
was concluded that they had a sideroblastic anemia (SA) phenotype. The model of
hematopoietic SOD2 loss described herein has so far yielded no evidence of ringed
sideroblasts nor a phenotype that could be considered SA in nature. The observed
differences in the two models likely originate from the timing of the SOD2 loss. In the
model described here, SOD2 is depleted at a very early point in murine development
causing other non-hematopoietic organs to compensate. In the bone marrow transplant
model, SOD2™'~ marrow is introduced at a point where all other organs within the animal
are fully matured, and as such may not be able to adapt as efficiently. The conditional
knock-out model also provides an added benefit in the rapid generation of large cohorts
of knock-out animals without the consequence of having abscopal effects due to systemic
radiation. Furthermore, characterization of the mechanism of FECH inactivation

underlying the observed porphyria is the first known examination of superoxide

inactivation of this heme biosynthetic enzyme in vivo. Finally, Friedman ef al. observed a
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partial rescue of the described SA phenotype by the use of a non-targeted and non-
specific anti-oxidant molecule (i.e. EUK-8). Our results demonstrate that while we were
able to see a similar partial rescue using a non-targeted anti-oxidant (i.e. NAC) the use of
a mitochondrially-targeted superoxide specific anti-oxidant (i.e. mito-tempol) was far
superior in ameliorating the pathogenesis of the SOD2 knock-out. Taken together, results
presented here confirm and extend the findings of Friedman et al. in the importance of

SOD2 in erythropoiesis.

Clinical Implications of Mitochondrial Oxidative Stress

The results presented in this report demonstrate for the first time that increases in
the steady-state levels of mitochondrial superoxide have the ability to inactivate FECH,
which suggests that ROS may play an as yet undiscovered role in the pathogenesis of
EPP. Our results showed the beneficial effect of the supplementation of a single targeted
anti-oxidant in a superoxide-derived model of EPP. To validate the potential use of such
drugs in human EPP, these anti-oxidants need to be applied to established animal models
of EPP*”. In addition, these anti-oxidants would be likely used in combination with
current therapies as they may augment the currently observed partial effects of single
drug treatment. Because EPP is typically caused by inactivation of a single gene, the goal
of an eventual treatment with FECH gene therapy replacement appears promising.
However, our results demonstrate that reintroduction of the wild-type FECH gene may
not be sufficient in reversing the disease process if increased mitochondrial superoxide is
present at levels sufficient to inactivate it. As such, further investigation is warranted into
the role of anti-oxidant therapy in EPP.

As discussed above, approximately 5% of patients with EPP possess no known
mutations in FECH or ALAS2. These patients serve as optimal candidates for the
screening for SOD2 mutations and/or SNP’s that may be causally associated with the

disease process. Our findings demonstrate that an increase in steady-state concentration
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of superoxide is sufficient to inactivate FECH, and lead to the observed porphyria. With
this, it can be speculated that SOD2 loss may not be the only explanation for an increase
in superoxide concentration within the mitochondria. These potential targets of increased
superoxide merit examination in patients with EPP, and could serve as novel clinical

targets for therapeutic anti-oxidant supplementation.
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APPENDIX A — LONG-TERM EFFECTS OF SOD2 LOSS
Introduction

The redox environment within a cell is loosely defined as the balance between
pro-oxidants and anti-oxidants within a cell””. Pro-oxidants take on numerous forms such
as carbon free radicals, reactive oxygen species (ROS), or oxidized molecules.
Conversely, anti-oxidants can be described as protein thiols, small compound electron
donors, or reduced molecules. Schafer ef al. attempts to clarify as well as quantify this by
stating that the environment is the compilation of all the reducing capacities of redox

pairs within a system®'?

. Furthermore, a redox pair or couple is defined as a molecule that
has the ability to exchange reducing equivalents (i.e. electrons) with other compounds in
a system, while at the same time itself becoming either oxidized or reduced’'?. Some
examples of redox pairs would be NAD/NADH, GSSG/GSH, or FAD /FADH,. The
total amounts as well as the ratios between pairs are critical in determining the redox
environment, and thus homeostasis, of a cell.

Both anabolic and catabolic processes within a cell produce waste products. These
waste products may be inert molecules, but some are highly reactive. For example,
general glucose metabolism produces energy in the form of ATP as well as reducing
equivalents such as NADPH or NADH, but a byproduct of this process is an abundance
of reactive oxygen species created due to the high flux of electrons through the electron
transport chain”®. Predictably, these electrons are able to “leak” out of the system and
react to form free radicals such as superoxide (O,""), hydroxyl radical (HO®), and many
more”"”. Defense mechanisms are present within normal cells to counteract these
molecules and the potential damage they may elicit. The major counter-measures include
small molecule anti-oxidants (e.g. glutathione, ascorbate, tocopherol, etc.) and anti-
oxidant enzyme systems (e.g. catalase, glutathione peroxidase, superoxide dismutases,

313-315

etc.) . These anti-oxidant systems are designed to donate electrons to the oxygen free
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radicals to neutralize them to non-reactive compounds so they cannot cause damage to
critical cellular components such as DNA, protein, or lipids. Thus, the constant formation
and breakdown of reactive oxygen species plays a crucial role in defining the redox
environment within a cell.

Cancer is a disease of uncontrolled cell growth, and imbalance in the redox
environment within cells has been proposed to be a potential cause of the malady*"”,
Numerous studies over the past decades have demonstrated that an increase in oxidative
stress can promote oncogenesis. One example observed a malignant transformation of

316 The transformation was attributed to

mouse embryonic cells by the use of UV-light
the flux of hydrogen peroxide (H,O,) that was produced by the radiation applied, thus
creating a more pro-oxidant state within the cells. Another study demonstrated the direct
action of increasing oxidative stress by applying hydrogen peroxide directly to hamster

317
cells

. Low levels (30-90 uM) of hydrogen peroxide were enough to induce malignant
transformation in roughly 30% of the cells, which was statistically significant compared
to control. Lastly, one paper demonstrated that when one of the forms of superoxide
dismutase (i.e. Cu/Zn) was down-regulated by siRNA, the amount of cellular damage
significantly increased’'®. It was shown that both lipid peroxidation as well as cell
viability was negatively affected by the removal of Cu/Zn superoxide dismutase.
Conversely, the anti-oxidants Vitamin C and E were shown to revert the transformed
phenotype of mouse skin cells, as well as inhibit growth in mouse melanoma cells®".
Taken together, the balance between an anti-oxidant and pro-oxidant environment within
a cell is essential for the proper functioning and maintenance. Each anti-oxidant enzyme
has an important role in neutralizing potential damaging molecules, and thus in the
prevention of oncogenesis and other co-morbidities.

Anti-oxidant enzymes are one of the major defenses against damaging free

radicals and reactive oxygen species within cells. There are numerous different enzymes,

and each possesses an individual mechanism of neutralizing harmful compounds. For
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example, catalase acts specifically to counteract hydrogen peroxide by degrading it into

314 Another key anti-oxidant enzyme is glutathione reductase. This

water and oxygen
enzyme acts to add reducing equivalents to the small peptide glutathione. Reduced
glutathione has the ability to repair damaged DNA and other molecules in the cells that
have been oxidized by reactive oxygen species®'*. Lastly, one of the most important
classes of enzymes in the cell is the superoxide dismutase. In mammals, there are three
forms of this enzyme: copper/zinc (Cu/Zn), extracellular (EC), and manganese (Mn) 314,
All the superoxide dismutases carry out the dismutation of superoxide (0,*") to hydrogen
peroxide (H,O;) and oxygen (O;), though here the main focus will be on manganese
superoxide dismutase. Manganese superoxide dismutase (MnSOD) is an 88 kDa
tetrameric enzyme that is encoded by the gene SOD2%. The enzyme is located within the
mitochondrial matrix, where due to cellular metabolism, an abundance of reactive oxygen
species are produced. In essence, MnSOD is one of the first proteins to contact and
neutralize free radicals such as superoxide before they can reach the nucleus and cause
damage to the DNA.

The loss of MnSOD has been implicated in certain diseases such as cancer. One

320 1t was

of the first studies on MnSOD in cancer examined Ehrlich ascites tumor cells
found that all the tumor cells displayed little to no MnSOD activity. Later, a panel of
Morris hepatoma cells were studied and found to have a similar result of minimal
MnSOD activity’’. These results and similar findings prompted Oberley and Buettner to
state in a review, “A large number of studies by several different investigators have
shown a lack of MnSOD activity in most tumor cells. A diminished amount of MnSOD
activity has been reported in all tumors measured to date, with no exceptions™. This
dogma has persisted since, and even more tumor types have demonstrated low MnSOD.
For example, Hitchler ef al. examined the levels of MnSOD in numerous breast cancer

cell lines®'. In this study they showed that MnSOD mRNA, protein, and activity were all

lowered compared to the normal cell line control. In addition, the over-expression of
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MnSOD has been demonstrated to reduce the malignant potential of cancer cells. One
recent study demonstrated the anti-proliferative effects of excess MnSOD on prostate
cells, which furthered the role of MnSOD as a tumor suppressor gene41. Furthermore,
naturally occurring mutants of MnSOD have also shown a relation to cancer. One study
revealed that tumor cells containing a mutant SOD2 gene that possessed three times the
amount of MnSOD activity demonstrated a much stronger tumor suppressive effect

321

compared to its counterpart™” . In addition, Wang et al. examined single nucleotide

polymorphisms of MnSOD among patient samples of non-Hodgkin’s lymphoma®**. It
was found that an Ala/Ala variant of the enzyme has a moderate increase in the risk for
non-Hodgkin’s B-cell lymphoma (Odds Ratio = 1.3, p=0.01). The authors do recognize
that the functional significance of this enzyme has not been fully elucidated, and thus
further characterization of these mutants is required. Lastly, two studies demonstrated
partial causality by looking at the phenotypes of mice that were heterozygous for
MnSOD**#** The first demonstrated that even though the decreased MnSOD did not
affect lifespan, it did significantly increase the incidence of cancers (primarily
lymphomas) in the heterozygote mice compared to wild-type. The second demonstrated
extensive lipid peroxidation and superoxide production within cardiac tissues, while at
the same time showing a decrease in Cu/ZnSOD activity. The authors speculate that the
abundance of superoxide and ROS produced into the cytosol overwhelms and inactivates
Cu/ZnSOD as well. Overall, it appears manganese superoxide dismutase plays a critical
role maintaining a balanced redox environment as well as a potential role in oncogenesis.
It is hypothesized that without this crucial enzyme, reactive oxygen species cannot be
attenuated and thus will promote a malignant phenotype. Due to limitations in
technology, testing the causality of complete loss of MnSOD on oncogenesis in vivo has
not been performed to date. Using the floxed SOD2 mouse discussed previously, this
study attempts to examine the causal role of SOD2 loss in the development of cancer in

an in vivo model for the very first time.
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Materials and Methods

Mice

Mice homozygous for the floxed SOD2 allele (i.e. B6.Cg-Sod2™, shorthand
SOD2""Y), in which exon 3 of the SOD2 gene is flanked by 2 loxP sequences, have been
previous described **°. B6.Cg-Tg-Lck-Cre®***™/J or Lek-Cre mice (Cre-recombinase is
exogenously expressed under control of the proximal lymphocyte specific kinase, where
Cre-recombinase becomes activated in aff T-cells during the CD4-/CD8- to CD4+/CD8+
stage in development) and B6.Cg-Tg-VavI-iCre****/J or Vav-iCre mice (Cre
recombinase is exogenously expressed under control of the Vav promoter, where Cre-
recombinase becomes activated within the hematopoietic stem cell and affects all
lymphoid, myeloid, and erythroid lineages) were generously donated by Dr. Adam
Dupuy (Department of Anatomy and Cell Biology, The University of lowa), and have

d**-?*2 B6.Cg-Tg- iMyc™ or iMyc mice (Myc is expressed

been previously describe
under control of the intronic enhancer of the immunoglobulin heavy-chain locus and
affects B-cells) were generously donated by Dr. Siegfried Janz (Department of
Pathology, The University of Iowa) and have been previously described’*>**°. FVB.129-
Trp53™%™ or p53 floxed mice in which introns 1-10 of the p53 gene are flanked by 2
loxP sequences were purchased from the mouse repository located at NCI-Frederick and
have been previously described®”’.

To obtain conditional T-cell SOD2 homozygous knock-out animals (i.e. SOD27),
parent strains of both the floxed SOD2 and Lck-Cre mice were bred to generate F1
heterozygotes (i.e. SOD2""). The F1 generation was then bred back to the parent floxed
SOD2 mice to create F2 homozygous knock-outs. An identical breeding scheme was
used for hematopoietic stem cell SOD2 knock-outs using Vav-iCre mice. To obtain

conditional hematopoietic stem cell SOD2 homozygous knock-outs as well as iMyc

expression, floxed SOD2 mice were bred to iMyc mice to obtain homozygosity of the
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SOD2 allele and heterozygosity of the iMyc allele. Following this, mice were bred to the
F2 generation with Vav-iCre mice to create SOD2 knock-outs with iMyc expression. To
obtain conditional hematopoietic stem cell SOD2 and p53 homozygous knock-outs,
floxed SOD2 mice were bred to floxed p53 mice to obtain a strain of dual homozygous
floxed alleles. Following this, mice were bred to the F2 generation with Vav-iCre mice to
create SOD2 and p53 homozygous knock-outs. Cre-recombinase was only passed
through male parents to limit non-specific oocyte expression. In all experiments,
littermate controls were used to limit the effects of genetic variation amongst strains. All
work was performed under the approval of the Institutional Animal Care and Use

Committee at the University of lowa.

Cohorts

Breeding pairs were set up to create approximately 15-30 mice of each
experimental genotype as well as controls. Upon weaning, mice were analyzed by tail
DNA to confirm appropriate genotype. Mice were observed until death with no additional
stressors. Upon death or illness, all mice were examined by full necropsy and cause of
death noted and tabulated. Kaplan-meier analysis was performed and non-pathologic

deaths were appropriately censored.

Results

Lck-Cre SOD2 Mice

As previously described, mice with conditional T-cell SOD2 loss demonstrated
significant immunodeficiency as a consequence of decreased cellularity. Due to this
outcome secondary to increased oxidative stress, it was hypothesized the loss of SOD2
may predispose these mice to amplified tumor development over their lifetime. While a

small amount of thymic specific tumor development was noted, it was not found to be



172

significant versus control animals (Figure A-1). Interestingly, Lck-Cre mice appeared to
be predisposed to severe dermatitis (Figure A-2). This finding is most likely due to the
immunocompromised state of the mice and their limited ability to survey and eliminate
harmful pathogens within the dermal layers as this has been observed in other mouse
models of immunodeficiency’*®. Overall, SOD2 does not appear to play a role as a
significant tumor suppressor in T-cells at the point of Lck development in this model

system.
Vav-iCre SOD2 and iMyc Mice

The lack of tumors in the Lck-Cre model prompted the examination of loss of
SOD2 at an earlier point in development, as well as expanding the cellular population to
include other hematological cells of origin. To accomplish this, we created hematological
stem-cell knock-out mice by the use of a Vav-iCre mouse. Expression of Cre-
recombinase is limited primarily to hematological stem cells, and as such recombination
occurs in all hematological cells including myeloid, lymphocyte, and erythrocyte
lineages. These long-term studies are currently ongoing, but it appears the loss of SOD2
at this stage in development also does not induce significant increases in cancer and
moreover knock-out mice appear to succumb to the late effects of the aforementioned
porphyria prior to any cancer development.

The data from the Lck-Cre and Vav-iCre SOD2 mouse models suggest SOD2 in
these organ systems does not act as a significant initiating tumor suppressor. To examine
if the loss of SOD2 may act to promote tumor formation in an already initiated model, we
combined the loss of SOD2 in the Vav-iCre model with a mouse model of B-cell
lymphoma. Using a mouse in which Myc is expression is limited to B-cells, we aimed to
see if the combination of increased oxidative stress due to the loss of SOD2 exacerbated
or accelerated tumor formation in these mice. To our surprise, the loss of SOD2 did not

significantly increase the rate of tumor formation when in combination with Myc over-



173

expression (Figure A-3). These data suggest the loss of SOD2 does not act to promote

tumor formation in an oncogene model of B-cell lymphoma.

Vav-iCre SOD2 and p53 Mice

In a final attempt to examine the role of SOD2 loss in cancer formation, we
combined the Vav-iCre SOD2 model with a conditional p53 knock-out mouse. Due to the
previous data demonstrating a role for SOD2 loss and p53 activation (Figure 3-13), it was
hypothesized that the combined absence of both proteins could lead to accelerated
tumorigenesis. In contrast to this hypothesis, it was discovered that the dual loss of SOD2
and p53 acted to delay tumor formation (Figure A-4). Furthermore, the loss of SOD2 did
not alter the predisposition to a specific type of cancer as equal numbers of thymic,
splenic, and peripheral lymphomas were noted in both p53 and SOD2/p53 knock-out
models. Overall, it appears that the loss of SOD2 does have an effect on the rate of tumor
formation in a p53 knock-out mouse, but appears to delay tumor formation as opposed to
accelerate it. These data represent the only long-term study using the conditional SOD2

knock-out mouse to demonstrate a significant effect on tumor formation to date.

Discussion

The data demonstrated here show the first observations of the in vivo role of
SOD2 loss in tumor formation. The current findings suggest the complete loss of SOD2
at various stages of hematological development is not sufficient enough to initiate
significant cancer formation. Furthermore, when the loss of SOD2 is combined with
established oncogenesis models (oncogene driven or tumor suppressor deleted), the
incidence of cancer appears unchanged or delayed. Taken together, these data imply that
in these models SOD2 does not act as a significant tumor suppressor within the

hematological organs of mice.
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The role of superoxide dismutase activity on cancers has been examined prior to
our studies. In 1985, Egner and Kensler demonstrated the initiating effects of 7,12-
dimethylbenz(a)anthracene (DMBA) and the promoting effects of 12-O-

tetradecanoylphorbol-13-acetate (TPA) on a mouse model of skin cancer’>***°

. It was
found that when a copper coordination complex with superoxide dismutase activity was
applied to the skin prior to the carcinogens, that only the promotion effects of TPA were
abrogated while the iniation effects of DMBA were unchanged. Kensler went further to
demonstrate a similar attenuation of superoxide produced by TPA in leukocytes®®'. Taken
together, these studies suggest the role of superoxide may reside in the promotion of a
fully formed tumor, and not the initiation of a malignant species. This hypothesis is
further suggested by the observation that tumors of a number of different tissue types
have lower SOD2 expression compared to their normal tissue counterparts® . It may be
predicted that once the cancer has become initiated, the loss of SOD2 and subsequent
increase in mitochondrial superoxide flux acts as a strong promoting agent, thus
providing a selective advantage for those tumor cells with low SOD2 expression.

The only effect of SOD2 loss on tumor development was noted in the dual
SOD2/p53 knock-out mice. It was shown that cancer formation in the conditional p53
mouse was significantly delayed approximately 10 weeks with the additional loss of
SOD2. This finding can most likely be attributed to the fact that the increased oxidative
stress in SOD2 knock-out cells does not contribute to a favorable environment for cell
growth and division. This observation could be comparable to the results observed earlier
in the Lck-Cre model where the loss of SOD?2 initiated increased apoptosis within the T-
cell population. As such, the pro-oxidant environment caused by the loss of SOD2 in
normal hematopoetic cells observed appears to act in a tumor suppressive nature due to
the lack of an initiating stimulus. Our model of conditional SOD2 loss may be adapted to
the understanding of the promoting effects of mitochondrial superoxide as well. By

breeding the floxed SOD2 mouse to an established model of tumor initiation (e.g. p53 or
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iMyc could be used again) along with an inducible cre-recombinase mouse (e.g.
tamoxifen or tetracycline inducible), the rate of tumor growth could be assessed once the
tumor has been formed with or without the presence of SOD2. Overall, the loss of SOD2
and its tumor suppressive or promoting effects may be completely time and stage
dependent on the cancer, and with our limited data set we cannot fully rule out the role of
SOD2 in carcinogenesis to date.

Interestingly, with the exception of the delayed tumor formation in the dual
p53/SOD2 knock-out mice, the only significant long-term effect in any of the models was
increased dermatitis. This was found to be a significant life shortening event in the Lck-
Cre model, and is already proving to be a significant finding within the Vav-iCre model.
In 2007, Ronald DePinho’s group reported increased life shortening dermatitis in a
hematopoietic specific knock-out of all of the mammalian forkhead transcription factors
(Fox0s)****** The FoxO family of transcription factors has been shown to control the
expression of anti-oxidant enzymes, and as such the knock-outs displayed significant
oxidative stress comparable to our SOD2 knock-out models. The results of our study
extend these findings showing that a hematological oxidative stress model appears to
have significant effects on proper skin immunological maintenance, though
mechanistically how this is achieved is still unclear.

Our findings contradict our original hypothesis that SOD2 loss would cause a
significant increase in tumor formation as SOD2 has been described to be down-regulated
in tumors of various tissue origins. Our data suggest that this down-regulation of the
SOD?2 leads to an unfavorable initiating environment for cancer, and as such these cells
would be negatively selected against. Due to this, it appears there may be a
developmental timing dependence on the loss of SOD2 and cancer. It would be
hypothesized that the loss of SOD2 and induction of a pro-oxidant environment may
promote growth and proliferation of a tumor only after the cancer is formed, but may

inhibit its tumorigenesis if the oxidative stress is present prior to cancer development (as
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described by our data). Additionally, numerous descriptions of SOD2 reactivation during
times of cancer metastasis have been observed suggesting another potential
developmental time point for a favorable change in the redox environment. Last, this
study has examined the role of SOD2 loss in organs of hematological origins, but we
have shown differential effects depending on tissue type. It may be discovered that SOD2
loss has different oncogenic properties in other tissue types, as cellular functions, number
of mitochondria, basal metabolic rates, and mitotic rates could dramatically impact the
outcome of tumor formation.. Overall, these preliminary long-term cancer studies using
the conditional SOD2 knock-out mouse have revealed a limited role for SOD2 in the
initiation of hematological malignancies, but the role for SOD2 loss in tumor promotion

as well as non-hematological malignancies remains unclear.
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Figure A-1. Thymic tumor-free survival in Lck-Cre SOD2 long-term knock-out mice.
Mice were bred to the F2 generation to create homozygote SOD2 knock-outs
along with homozygote SOD2 floxed controls. Mice were aged unstressed
until death. Upon death, necropsies were performed to determine cause of
death. Hash marks indicate mice that were censored due to non-thymic tumor
related deaths.
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Figure A-2. Dermatitis-free survival in Lck-Cre SOD2 long-term knock-out mice. Mice
were bred to the F2 generation to create homozygote SOD2 knock-outs along
with homozygote SOD2 floxed controls. Mice were aged unstressed until
death. Upon death, necropsies were performed to determine cause of death.
Hash marks indicate mice that were censored due to non-dermatitis related
deaths. * = p<0.01 by Log-Rank test.
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Figure A-3. Tumor-free survival in Vav-iCre SOD2 knock-out plus iMyc expression
long-term mice. Mice were bred to the F3 generation to create homozygote
SOD2 knock-outs along with a single copy of the iMyc transgene.
Additionally, iMyc alone, SOD2 knock-out alone, and SOD2 floxed animals
were bred as controls. Mice were aged unstressed until death. Upon death,
necropsies were performed to determine cause of death. Hash marks indicate
mice that were censored due to non-tumor related deaths.
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Figure A-4. Tumor free survival in Vav-iCre SOD2 and p53 knock-out long-term mice.
Mice were bred to the F4 generation to create double homozygote SOD2 and
p53 knock-outs. Additionally, p53 knock-out alone, SOD2 knock-out alone,
and SOD2 floxed animals were bred as controls. Mice were aged unstressed
until death. Upon death, necropsies were performed to determine cause of
death. Hash marks indicate mice that were censored due to non-tumor related
deaths. * = p<0.01 by Log-Rank test.
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APPENDIX B - NON-HEMATOLOGICAL SOD2 KNOCK-OUTS
Introduction

As previously discussed, SOD2 has proven to be essential to the viability of

87.88 Due to the

mammalian species as shown in the constitutive SOD2 knock-out mouse
limited knowledge of tissue-specific dependence of this anti-oxidant enzyme, we chose to
examine various models of conditional SOD2 loss. Our initial aims were focused on

organs of hematological origins due to significant data demonstrating a role for oxidative-

32,36, 37

stress induced oncogenesis . In contrast, cancers of the blood have also

demonstrated contradicting results as it has been shown that some leukemias and

lymphomas actually present with increased SOD2*** %

. With these conflicting data sets
as well as our findings of a limited role of SOD2 in the formation of hematological
malignancies, we have attempted to elucidate the role of SOD2 in non-hematological
organs as well. Two major organs that have demonstrated a significant dependence upon
SOD?2 as well as decreased SOD?2 activity during cancer formation are the breast and
liver’®?!. As such, we aimed to create both mammary and hepatic specific SOD2 knock-

out mice to further elucidate the roles of this anti-oxidant enzyme in tissue specific

development and oncogenesis.

Materials and Methods

Mice

Mice homozygous for the floxed SOD2 allele (i.e. B6.Cg-Sod2™, shorthand
SOD2""Y), in which exon 3 of the SOD2 gene is flanked by 2 loxP sequences, have been
previous described™”. B6.Cg-Tg-4/bCre’™¢"/J or Albumin-Cre mice (Cre-recombinase
is exogenously expressed under control of the albumin promoter, and as such expression

is limited to liver) were generously donated by Dr. Curt Sigmund (Department of
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Pharmacology, The University of lowa) and have been previously described”*’. B6.129-
Tg-MMTVCre™"/T or MMTV-Cre mice (Cre-recombinase is exogenously expressed
under the mouse mammary tumor virus promoter, where expression is primarily limited
to mammary tissue) were purchased from Jackson Laboratories, and have been

previously described***

. To obtain conditional SOD2 homozygous knock-out animals (i.e.
SOD2™), parent strains of both the floxed SOD2 and Cre-expressing mice were bred to
generate F1 heterozygotes (i.e. SOD2"""). The F1 generation was then bred back to the
parent floxed SOD2 mice to create F2 homozygous knock-outs. Cre-recombinase was
only passed through male parents to limit non-specific oocyte expression. In all
experiments, littermate controls were used to limit the effects of genetic variation

amongst strains. All work was performed under the approval of the Institutional Animal

Care and Use Committee at the University of lowa.
Real-Time PCR

RNA was extracted using the Trizol method and was quantified by the use of a
Nanodrop ND-1000. 1 pg from each sample was reverse transcribed using the ABI
cDNA archive kit. Generated cDNA was then subjected to SYBR green quantitative real
time PCR with primers specific to each individual transcript, and the 18S control
(Supplementary Primer Sequences) under the following PCR parameters: 95°C for 10
min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. A threshold in the linear
range of PCR amplification was selected and the cycle threshold (Ct) determined. Levels
of transcripts were then normalized to the 18S control, and compared relative to the

SOD2Y" control using the AACt method.
Western Blot Analysis

Protein was extracted using standard RIPA buffer, and was quantified on the basis

of the Bradford assay and a standard curve. Protein was run on a SDS-PAGE gel for
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separation of different sized proteins. The products were then transferred from the gel to
a nitrocellulose membrane. Identification and quantification of amount of protein was
performed by addition of specific primary antibody, and then the addition of a HRP-
tagged secondary antibody to the first. Chemiluminescent substrate was added to the blot
for exposure of products, and film was exposed and qualitatively quantified for protein
amount. Loading errors were controlled by normalizing to beta-actin (ACTp). Antibodies
used for this study: SOD2 (Millipore, Billerica, MA), Beta-Actin (Abcam, Cambridge,
MA).

Microarray analysis

RNA was extracted by Trizol method as previously described. RNA was then
purified further by a Qiagen RNeasy mini kit to eliminate remnant phenol contaminants.
RNA quality was assayed on an Agilent 2100 bioanalyzer. After quality assurance, 1
pg/uL RNA was sent to the Genomics Core at the Arizona Cancer Center for microarray
analysis on a Affymetrix GeneChip System. For all experiments, RNA was pooled from
3 controls or knock-outs of 6-week old females. Data were normalized relative to control

animals.

Results

Mammary Gland

The first non-hematological knock-out mouse we aimed to create possessed
mammary specific recombination of the SOD2 locus. This was accomplished by the
breeding of the floxed SOD2 mouse with a mouse expressing Cre-recombinase driven by
the mouse mammary tumor virus (MMTYV) promoter. MMTV-Cre was chosen on the
basis of expression specifically targeted to mammary tissue even in virgin mice. Initial

characterization of these mice showed significant deletion of SOD2 at both the mRNA
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and protein levels (Figure B-1). Similar to the characterization of the Lck-Cre model
(Figure 3-2), remnant SOD2 is most likely explained by the presence of contaminating
non-MMTYV expressing cells. Additionally, SOD2 deficient cells were not selected
against and eliminated during the proliferation and evolution of the mammary gland
during times of lactation even after multiple litters (Figure B-2). It was found that even in
the absence of functional SOD2 enzyme, the mammary gland was able to develop
normally (Figure 3-10), sustain multiple healthy litters of pups (Figure B-2), and did not
develop any evidence of mammary cancer over a two-year tumor watch study (data not
shown). Interestingly, upon microarray analysis of SOD2 deficient mammary tissue it
was found that numerous genes were both up-regulated and down-regulated when the
anti-oxidant enzyme was deleted indicating a phenotypic difference (Table B-1, Table
B-2). Last, with the understanding of changes at the level of gene expression, it was
hypothesized that knock-out animals may be predisposed to cancer formation and
oncogenesis may occur more rapidly if first exposed to an initiating agent. Cohorts of
control and knock-out animals were exposed to weekly treatments of the potent initiating
carcinogen 7,12-Dimethylbenzanthracene (DMBA) delivered by gastric gavage. Both
control and knock-out treatment groups developed significant tumor development, but
mammary cancer was not observed over the lifetime of the animals post-DMBA
treatment. Furthermore, no significant difference was noted in the rate or type of cancer
formed in knock-out animals versus controls. Overall, it appears that SOD2 loss in
mammary tissue causes significant changes in gene expression, but does not increase the
incidence of tumor formation or hinder normal development and function of the

unchallenged virgin and lactating mammary gland.
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Liver

The second non-hematological knock-out mouse we created was a liver-specific knock-
out of SOD2. The use of a Cre-recombinase expressed under the control of the
albumin promoter limited recombination to hepatocytes at an early time point
after birth. Initial characterization displayed a very efficient knock-out of
SOD?2 at both the mRNA and protein level (Figure B-3). Gross examination
and histological analysis of the liver demonstrated no significant changes in
knock-outs compared with control animals (Figure 3-10), and these results
have been observed by others as well”*’. In contrast to this, we did observe
small gene expression differences in knock-out animals (

Table B-3,

Table B-4) and many of these genes correlate with expression differences
observed in other models of liver-specific knock-out of SOD2¥. To date, we have
observed no evidence of increased carcinogenesis in these mice up to 1-year of age but
no long term survival or carcinogenesis studies have been performed on these animals. It
is of note that literature evidence suggests no significant increase in tumor initiation over
the animal’s lifetime in an identical conditional liver knock-out model**. Overall, limited
studies have been performed on these animals, but phenotypic gene expression changes

have been noted suggesting functional or long-term consequences of SOD2 loss.



190

Discussion

In contrast to the Lck-Cre and Vav-iCre models of SOD2 loss, the mammary and
liver specific models demonstrated very subtle phenotypes. The most remarkable findings
of these organ systems were the gene expression changes noted by microarray analysis,
but just as described for the Lck-Cre and Vav-iCre microarrays it must be noted that no
statistical analysis may be drawn from these results. The changes observed do suggest the
potential for a loss of epigenetic regulation in these organs, and may advance the
understanding of how the redox environment may affect metabolism and gene
expression. As such further examination into transcription factor pathway activation,
DNA methylation, and histone modifications is warranted in these mouse models.
Additionally, the role of SOD2 as a tumor suppressor has not been fully examined in
these solid organ tissue models. Long term studies looking into initiation (i.e. SOD2
alone) and promotion (i.e. SOD2 loss in combination with oncogenes and tumor
suppressor loss) roles of tumor formation merit investigation. Overall, the number of
organ systems in addition to those outlined in this dissertation in which SOD2 loss may
be examined is vast (e.g. skin, pancreas, brain, etc), and allow for the eventual elucidation
of the role of mitochondrial superoxide and tissue specific organ development and

oncogenesis.
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Figure B-1. Characterization of mammary-specific SOD2 knock-out mouse. A.
Quantltatlve real- tlme RT-PCR analysis of SOD2 mRNA in 10-week old
SOD2Y" or SOD27 lactatmg mammary glands. Data shown as relative
increases to SOD2"’ B Western blot analysis of SOD2 protein in 10-week
old SOD2"" or SOD2™" lactating mammary glands. B-Actin (ACTP) is shown
as loading control. Three mice of respective genotypes were analyzed per
experiment; data are shown as mean and s.d. Where applicable, * = p<0.01
by Student’s t-test versus SOD2"’
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Figure B-2. SOD2 remains selectively knocked-out in multi- -parous 2 animals. Quantltatlve
real-time RT-PCR analysis of SOD2 mRNA in SOD2"" or SOD2™" lactating
mammarel glands after sequential births. Data shown as relative increases to
soD2"
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Table B-1. Selected up-regulated genes in SOD2 mammary knock-outs.b

Fold Increase Gene I

Versus SOD2""* Symbol Gene Description
28.62 Saa2 serum amyloid A 2
12.77 Saa1 serum amyloid A 1
7.79 Ifi44 interferon-induced protein 44
7.26 Irf7 interferon regulatory factor 7
5.86 Myh4 myosin, heavy polypeptide 4, skeletal muscle
5.51 Apol9b apolipoprotein L 9b
5.47 Gbp3 guanylate binding protein 3
5.45 Oas1g 2'-5' oligoadenylate synthetase 1G
4.98 Defb1 defensin beta 1
4.88 Spp1 secreted phosphoprotein 1
4.68 Rtp4 receptor transporter protein 4
4.49 Actn3 actinin alpha 3
4.25 Car4d carbonic anhydrase 4
4.15 Myoz1 myozenin 1
4.14 Usp18 ubiquitin specific peptidase 18
3.92 Pygm muscle glycogen phosphorylase
3.88 Ckm creatine kinase, muscle
3.61 Apol9b apolipoprotein L 9b
3.61 Cav2 caveolin 2
3.18 Myot myotilin
3.1 Pvalb parvalbumin
3.10 Bst2 bone marrow stromal cell antigen 2
3.09 Rsad? radical S-adenosyl methizonine domain containing
3.06 Acta actin, alpha 1, skeletal muscle
3.00 Tnnt3 troponin T3, skeletal, fast

b Cut-off value of 3.0 or greater is shown.
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Table B-2. Selected down-regulated genes in SOD2 mammary knock-outs.€

Fold Decrease Gene Gene Describtion

Versus SOD2* |  Symbol P
0.50 Dbp D site albumin promoter binding protein
0.50 KIf12 Kruppel-like factor 12
0.49 Snf1lk SNF1-like kinase
0.47 Dnalc1 dynein, axonemal, light chain 1
0.45 Zfp36I12 zinc finger protein 36
0.44 Sh3yl1 Sh3 domain YSC-like 1
0.44 Ccl28 chemokine (C-C motif) ligand 28
0.43 Sfrp2 secreted frizzled-related protein 2
0.42 Dusp1 dual specificity phosphatase 1
0.42 Ucp3 uncoupling protein 3 (mitochondrial, proton carrier)
0.41 Arrdc2 arrestin domain containing 2
0.40 Hal histidine ammonia lyase
0.40 Atp12a ATPase, H+/K+ transportlr)g, nongastric, alpha

polypeptide

0.38 Glrb glycine receptor, beta subunit
0.38 Cck cholecystokinin
0.35 Scin scinderin
0.34 Arldd ADP-ribosylation factor-like 4D
0.31 Pip prolactin induced protein
0.28 Klk1b22 kallikrein 1-related peptidase b22
0.21 Igh immunoglobulin heavy chain complex
0.21 Rab30 RAB30, member RAS oncogene family

C Cut-off value of 0.5 or less is shown.
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Figure B-3. Characterization of liver-specific SOD2 knock-out mouse. A. Quantltatlve
real- tlme RT-PCR analysis of SOD2 mRNA in 6-week old SOD2
SOD2™" livers. Data shown as relative increases to SOD2"'". B. Western blot
analysis of SOD2 protein in 6-week old SOD2"" or SOD2" livers. p-Actin
(ACTB) is shown as loading control. Three mice of respective genotypes
were analyzed per experiment; data are shown as mean and s.d. Where
applicable, * = p<0.01 by Student’s t-test versus SOD2"’
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Table B-3. Selected up-regulated genes in SOD2 liver knock-outs.d

Fold Increase Gene Gene Describtion

Versus SOD2""* Symbol P
4.56 Dmbtl deleted in malignant brain tumors 1
3.15 Tgtp T-cell specific GTPase
3.01 Tgtp T-cell specific GTPase
2.66 Cxcl9 chemokine (C-X-C motif) ligand 9
2.37 Saa3 serum amyloid A 3
2.31 Cxcl10 chemokine (C-X-C motif) ligand 10
2.22 Lcn2 lipocalin 2
2.21 Ly6i lymphocyte antigen 6 complex, locus |
2.21 Nutf2 nuclear transport factor 2
2.12 Albg alpha-1-B glycoprotein
2.06 Ccnb1l cyclin B1
2.04 Orm?2 orosomucoid 2

d Cut-off value of 3.0 or greater is shown.
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Table B-4. Selected down-regulated genes in SOD2 mammary knock-outs.€

Fold Decrease Gene Gene Describtion
Versus SOD2"* Symbol P
0.50 lltifb interleukin 10-related T cell-derived inducible
factor beta
0.49 Gcek glucokinase
0.48 Onecutl one cut domain, family member 1
0.46 Olfr316 olfactory receptor 316
0.32 Csad cysteine sulfinic acid decarboxylase

€ Cut-off value of 0.5 or less is shown.
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APPENDIX C -PHARMACEUTICAL PERTURBATION OF THE
REDOX ENVIRONMENT

Introduction

Anti-oxidant supplementation with vitamins C and E has been shown to abrogate

the malignant phenotype of cancer cells’"

. It is hypothesized that these vitamins shift the
redox environment to a more reducing state, which lowers the oxidative stress on cells
and thus decreases the progression of cancer. Recent studies have demonstrated that
metformin, a commonly used diabetes drug, may also have potential anti-oxidant effects
on the redox environment*>%.

Metformin is a member of the very small class of pharmaceuticals known as the
biguanides, and is the first-line choice in the treatment of type-II diabetes due to the
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drug’s efficacy and safety”". Metformin was first discovered and determined to possess

anti-diabetic properties in 1957°"

, and was approved for use in diabetes in the United
States in 1994°**. The mechanism of action is quite controversial due to the numerous
effects metformin elicits on patients such as reducing hepatic gluconeogenesis,
decreasing glucose absorption from the GI tract, and increasing insulin sensitivity and
peripheral glucose utilization, but it is thought to act by the stimulation of AMPK (AMP
activated protein kinase). This stimulation triggers a signaling cascade which results in
the up-regulation of genes used in glucose utilization (e.g. glucose transporter 1
[GLUT1], glucose transporter 2 [GLUT2], glycolytic enzymes, etc)’>’. Some studies have
demonstrated that metformin may stimulate the AMPK pathway by inhibition of
complex-I of the respiratory chain®*®**. Succinate metabolism is still allowed to occur
through complex-II, but oxidative metabolism is decreased which triggers the up-
regulation of glucose utilization genes and effectively lowers plasma glucose levels™®.

Unlike the mechanism of rotenone which irreversibly blocks the passing of electrons

. 343 . . . . .
from complex-I to ubiquinone™™ (which in turn causes an increase in superoxide
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production ***

), metformin has been postulated to transiently block the electron passage
from NADH to complex-I*****_ This blocking of electron transfer causes an increase in
the relative amounts of reducing NADH equivalents. Without electron transfer through
complex I, it would be postulated that a decrease in oxidative stress would be observed
during times of metformin treatment. In addition to the beneficial blood glucose lowering
effects of the drug, metformin has an incredibly low side-effect profile and may even
possess other useful effects such as lowering blood pressure and cholesterol levels®®’.
Recent studies have also shown that this drug could play a role in both prevention and
therapy of cancer’ ",

In 2005, Evans et al. published a retrospective case-control study demonstrating
that diabetic patients exposed to metformin had a significantly decreased chance of

developing cancer compared to their non-exposed diabetic counterparts”°

. The study was
performed on roughly 12,000 type-II diabetic patients, and the adjusted odds ratio was
found to be 0.77 for those exposed to metformin when normalized to those without
exposure. Following this study, investigations began examining the anti-tumor effects of
metformin. Dowling et al. concluded that metformin activation of AMPK lead to an
inhibition of general protein translation, which caused inhibition of breast tumor cells®*’.
Another group demonstrated that metformin had anti-tumor effects by slowing the
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growth of a glioma cell line versus their normal cell counterparts™ . In addition, Buzzai

1**. Here

et al. examined the effects of metformin on a tumor xenograft mouse mode
HCT116 cells were implanted on a nude mouse, and observed for growth in the presence
or absence of metformin. It was shown that the p53-null HCT116 cells were significantly
growth inhibited by the metformin, while wild-type p53 status rendered the cells immune
to the anti-proliferative effects of the drug. The authors argue that p53 normally acts to
arrest the cell cycle during times of glucose deprivation, but when p53 is absent

metformin may possess the capability to reactivate this checkpoint and inhibit growth.

Taken together, these studies show convincing preliminary data that metformin may carry
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anti-proliferative properties towards cancer cells. It is hypothesized that the potential shift
to a more anti-oxidant redox environment caused by the drug may be the reason for
inhibition of tumor growth, and furthermore may create an optimal reducing environment
within a cell to prevent the formation of cancer.

Studies within the last year have demonstrated anti-cancer properties of the drug
metformin®*®** 3 As such, the data is extremely limited on the mechanism of actions
by which this drug elicits its effects. Due to the ability of metformin to inhibit transfer of
electrons from NADH to complex-I, it is predicted that metformin should demonstrate an
increase in reducing equivalents in the treated cells. In addition, the lower flux of
electrons through complex-I should lower the amount of ROS and cellular damage. These
anti-oxidant effects are predicted to decrease or delay the incidence of cancer within the

in vitro models tested.

Materials and Methods

Cells and Growth Curves

The following mammary cancer cell lines were used: MB-231, MCF-7, and
T47D. Immortalized normal mammary cell lines consisted of MCF-10a and HMEC-
hTERT. Primary human dermal fibroblasts (HDF) were used as a non-mammary control.
For growth curves, cells were seeded at 10,000 cells per 60 mm dish and allowed to grow
for 96 hours. Replicate plates were harvested at appropriate time points. Cells were
counted using a standard Coulter counter. All cells were obtained from ATCC, and

grown in suggested media.

Dihydroethidium (DHE) Flow Cytometry

Superoxide production was estimated using the fluorescent dye DHE from

Molecular Probes (Eugene, Oregon). Cells were washed once with PBS and labeled in
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suspension at 37°C for 45 minutes in PBS (containing 5 mmol/L pyruvate) with DHE (10
umol/L; in 1% DMSO). Samples were analyzed using a LSR flow cytometer (Non-
specific excitation 488 nm, emission 585 nm band-pass filter). The mean fluorescence
intensity (MFT) of 10,000 cells was analyzed in each sample and corrected for

autofluorescence from unlabeled cells.
Real-Time PCR

RNA was extracted using the Trizol method and was quantified by the use of a
Nanodrop ND-1000. 1 pg from each sample was reverse transcribed using the ABI
cDNA archive kit. Generated cDNA was then subjected to SYBR green quantitative real
time PCR with primers specific to each individual transcript, and the 18S control
(Supplementary Primer Sequences) under the following PCR parameters: 95°C for 10
min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. A threshold in the linear
range of PCR amplification was selected and the cycle threshold (Ct) determined. Levels
of transcripts were then normalized to the 18S control, and compared relative to the

SOD2Y" control using the AACt method.
Results

The first goal of this study was to examine if metformin indeed had an impact on
the growth of cancer cells so as to validate the findings of others. Increasing doses of
metformin (based from literature values) were added to MB-231 breast carcinoma lines,
and at certain time points total number of cells were counted (Figure C-1). Metformin
demonstrated a dose-dependent growth inhibition of the cancer cells, and by 72-96 hours
post-treatment the cells were statistically significantly delayed. Extrapolations of
doubling times were found to be approximately doubled in the high-dose treatment

groups (Figure C-2).
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Pursuing the hypothesis that metformin has anti-oxidant properties, examination
of the ROS within the cell was performed. DHE-staining followed by flow cytometry was
performed to observe the potential superoxide produced within the cells (Figure C-3).
Three breast carcinoma cell lines (MB231, T47D, and MCF7) as well as two
immortalized normal breast cell line (MCF10a and HMEC-hTERT) were treated with 10
mM metformin for 72 hours. Interestingly, both the cancer and normal cells lines
demonstrated a paradoxical increase in DHE positive cells. To examine if this result was
mammary tissue specific, human dermal fibroblasts were queried for DHE as well and
were found to show similar increases in DHE oxidation (Figure C-4). This result
contradicts the original hypothesis that metformin may elicit anti-oxidant effects by
directly lowering ROS within cells.

Due to the fact many anti-oxidant enzymes are induced during times of oxidative
stress, expression profiles of a handful of enzymes were performed on select normal and
tumor lines treated with metformin. Treatment with metformin demonstrated differential
sensitivity between normal and tumor lines as SOD2 and catalase mRNAs were induced
statistically significantly in the MCF10a normal cells, but not in MB-231 cancer cells
(Figure C-5, Figure C-6). Global induction of anti-oxidant enzymes in normal cells did
not occur as demonstrated by no change in SOD1 and GPX1 mRNA levels (data not
shown) and a significant decrease in peroxiredoxin 3 mRNA (Figure C-7). Last, with the
understanding metformin may play a role in slowing cellular growth, examination of the
cell cycle regulatory protein p21 mRNA was performed. Similar to SOD2 and catalase,
p21 mRNA was induced specifically in MCF-10a cells while no change was noted in
MB-231 cancer cells (Figure C-8). Taken together, it appears metformin treatment
displays the ability to affect gene expression in a differentially selective manner towards

normal mammary cell lines versus cancer.
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Discussion

The data presented here confirm the current literature findings that metformin
does possess the ability to inhibit cancer growth in vitro. The doses used to achieve this
inhibition are very high, and far surpass achievable plasma levels in vivo. Due to this,
further studies need to be performed to elucidate if metformin has similar anti-tumor
effects in vivo. Furthermore, during the cell growth assays with metformin treatment only
viable cells that remained attached to the plate were counted at the given time points, but
even the highest doses of metformin did not appear toxic and only slowed the growth of
the cell lines. While this observation is only anecdotal in nature, studies examining cell
death (i.e. apoptosis and necrosis) are highly warranted.

It was earlier hypothesized that metformin may act as an anti-oxidant due to its
mechanism of action regarding the electron transport chain. It was predicted that the
blocking of electron passage from NADH to the electron transport chain would lead to a
reduction in the amount of reactive oxygen species produced. The data presented here
contradict this theory, and demonstrate the first observation that metformin may act in a
pro-oxidant manner in vitro. The reduction of electrons through the electron transport
chain may cause leakage from complexes other than complex 1. Additionally, the
inhibition of electron passage from NADH to the respiratory chain may lead to
inappropriate electron donation to other acceptors (e.g. oxygen, lipids, proteins, etc)
which may induce oxidative stress. Further studies using reactive oxygen species-specific
dyes or assays should be used to examine the precise free radicals that are induced during
times of metformin treatment.

With metformin demonstrating pro-oxidant properties, it is still presumed that this
alteration of the redox balance is the etiology behind its anti-tumor properties. With this,
the combination of metformin with other drugs that perturb the redox environment of

cancer cells (e.g. 2-deoxy-glucose, BSO, etc) should be examined to identify even
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stronger modulations of cancer growth. This pro-oxidant finding of metformin does not
however explain how patients treated with metformin showed a decreased incidence of
cancer, as pro-oxidant stimuli have been shown to be oncogenic in many models. One
explanation is that metformin acts differently in vivo than it does in vitro, and still could
possess anti-oxidant properties. The other hypothesis for this occurrence is that
metformin demonstrates a hormetic effect. Hormesis is defined as a generally favorable
biological response to low exposures of toxins and other stressors. In other words, a small
amount of insult excites the system to protect itself and become resistant, analogous to a
viral vaccination. In essence, metformin may be causing a constant amount of stress
within the body priming the anti-oxidant systems as well as potentially the immune
system to prevent cancer formation. This hypothesis further warrants in vivo examination
of the systemic effects of this drug.

Finally, it was observed that metformin elicited a differential selectivity in gene
expression between normal and cancer cells even though oxidative stress was increased
in all cell types assayed. This suggests additional contributing factors other than oxidative
stress are at play in the mechanism of metformin. The induction of SOD2 and catalase,
but not SOD1 and GPX1, is of interest when examining potential signaling cascades. It
has been shown that SOD2 and GPX1, but not catalase, are under the control of p53
signaling®?. This does not fit this data scheme because MCF10a possesses wild-type p53,
and did not induce GPX1. This argues for another type of signaling cascade that
metformin is working through. Interestingly, limited data exists on the forkhead protein
Foxo3a, but it has been demonstrated to activate SOD2, catalase, and p21. While p21
may also be induced by AMPK and p53, the p53 signaling cascade does not fit the anti-
oxidant enzyme profile, which implies a potential secondary pathway may be present. To
date, no connection between metformin and Foxo3a exists and these results by no means

demonstrate causality with Foxo3a, but the strong correlation warrants further studies.
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Overall, the data have demonstrated new and exciting results. This appears to be
the first demonstration of a paradoxical increase in ROS with metformin. Furthermore,
the demonstration of increased anti-oxidant enzyme profiles in normal cells as secondary
to a hormetic effect could be the reasoning for metformin protection against cancer
formation. Last, the potential for an alternative signaling pathway for metformin could
open the door for new treatments in both the fields of cancer as well as diabetes treatment

and prevention.
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Figure C-1. Growth inhibition of MB-231 mammary carcinoma cells by metformin. Ten-
thousand MB-231 cells were plated on day 0 in a six well tissue culture dish
and allowed to grow under various metformin concentrations. Drug and
media were changed daily. Cells were harvested at respective time point and
counted using trypan blue exclusion method under a hemocytometer.
Triplicate experiments of each treatment were analyzed per experiment; data
are shown as mean and s.d. Where applicable, * = p<0.01 by Student’s t-test
versus respective untreated cell line.
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Figure C-2. Metformin increases doubling time in MB-231 cells. Quantification of
doubling times from growth curves of MB-231 cells after metformin
treatment. Doubling times calculated using the formula N(t) = C(2)t/d, where
N(t) is final cell number, C is initial cell number, t change in time, and d is
doubling time.
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Figure C-3. Metformin increases dihydroethidium (DHE) oxidation in mammary cell
lines. Various normal and carcinogenic breast cell lines were treated with 10
mM metformin for 48 hours, and analyzed for DHE oxidation by flow
cytometry. Triplicate experiments of each cell line were analyzed per
experiment; data are shown as mean and s.d. Where applicable, * = p<0.01
by Student’s t-test versus respective untreated cell line.
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Figure C-4. Metformin increases dihydroethidium (DHE) oxidation in human dermal
fibroblasts. Human dermal fibroblasts (HDF) were treated with 1 or 10 mM
metformin for 48 hours, and analyzed for DHE oxidation by flow cytometry.
Triplicate experiments of each treatment were analyzed per experiment; data
are shown as mean and s.d. Where applicable, * = p<0.01 by Student’s t-test
versus respective untreated cell line.
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Figure C-5. SOD2 mRNA is changed in normal breast cell lines but not in carcinoma
after metformin treatment. Quantitative real-time RT-PCR analysis of SOD2
mRNA in mammary cell lines treated with 10 mM metformin for 48 hours.
Data shown as relative increases to untreated MCF-10a. Triplicate plates
were analyzed per experiment; data are shown as mean and s.d. Where
applicable, * = p<0.01 by Student’s t-test versus untreated MCF-10a.



Relative SOD2 mRNA

%]

—

B Control

. @10 mM Metformin

MCF10a

MDA-MB-231

218



219

Figure C-6. Catalase mRNA is changed in normal breast cell lines but not in carcinoma
after metformin treatment. Quantitative real-time RT-PCR analysis of
catalase mRNA in mammary cell lines treated with 10 mM metformin for 48
hours. Data shown as relative increases to untreated MCF-10a. Triplicate
plates were analyzed per experiment; data are shown as mean and s.d. Where
applicable, * = p<0.01 by Student’s t-test versus untreated MCF-10a.
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Figure C-7. Peroxidredoxin 3 mRNA is changed in normal breast cell lines but not in
carcinoma after metformin treatment. Quantitative real-time RT-PCR
analysis of peroxiredoxin 3 mRNA in mammary cell lines treated with 10
mM metformin for 48 hours. Data shown as relative increases to untreated
MCF-10a. Triplicate plates were analyzed per experiment; data are shown as
mean and s.d. Where applicable, * = p<0.01 by Student’s t-test versus
untreated MCF-10a.
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Figure C-8. p21 mRNA is changed in normal breast cell lines but not in carcinoma after
metformin treatment. Quantitative real-time RT-PCR analysis of p21 mRNA
in mammary cell lines treated with 10 mM metformin for 48 hours. Data
shown as relative increases to untreated MCF-10a. Triplicate plates were
analyzed per experiment; data are shown as mean and s.d. Where applicable,
* = p<0.01 by Student’s t-test versus untreated MCF-10a.
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APPENDIX D — OLIGONUCLEOTIDE TABLE

The following table depicts the DNA oligonucleotides that were used in all of the
conventional (genotyping) or real-time RT-qPCR reactions. All real-time RT-qPCR
oligonucleotides are for SYBR green analysis, and at least one primer of each set spans

an exon-exon junction to increase specificity for mRNA transcripts.



Table D-1. Comprehensive oligonucleotide table for PCR reactions.

Name Sequence 5'-3' Purpose Application
Cre-F CGATGCAACGAGTGATGAGGT Genotyping Cre-Recombinase
Cre-R GTGAAACAGCATTGCTGTCACTT | Genotyping Cre-Recombinase
fNeu-F TGAATGAACTGCAGGACGAG Genotyping Floxed Neu
fNeu-R AATATCACGGGTAGCCAACG Genotyping Floxed Neu
fP53-F AAGGGGTATGAGGGACAAGG Genotyping Floxed p53 mouse
fP53-R GAAGACAGAAAAGGGGAGGG Genotyping Floxed p53 mouse
iCre-F TCTGATGAAGTCAGGAAGAACC Genotyping iCre-Recombinase
iCre-R GAGATGTCCTTCACTCTGATTC Genotyping iCre-Recombinase

iMycmut-F ACCCCATACACCTCCACACAGTTC | Genotyping Mutant iMyc allele
iMycmut-R TTTACGCTTCCCTTCCCCAAC Genotyping Mutant iMyc allele
iMycwt-F CGAGAAATCCCACCATCTACCC Genotyping Wild-type iMyc allele
iMycwt-R GCTGATACACGCAACACGCTTG Genotyping Wild-type iMyc allele
MMNeu-F TTTCCTGCAGCAGCCTACGC Genotyping MMTV-Neu
MMNeu-R CGGAACCCACATCAGGCC Genotyping MMTV-Neu
SOD2-P1 CGAGGGGCATCTAGTGGAGAAG Genotyping Floxed SOD2 mouse
SOD2-P2 TTAGGGCTCAGGTTTGTCCAGAA | Genotyping Floxed SOD2 mouse
SOD2-P3 CTAGTGAGATGGCTCAGC Genotyping Floxed SOD2 mouse
SOD2-P4 AGCTTGGCTGGACGTAA Genotyping Floxed SOD2 mouse
rtCAT-F GTTCGGTTCTCCACTGTTGCTG RT-PCR Human Catalase
rntCAT-R TCCAACGAGATCCCAGTTACCA RT-PCR Human Catalase
rtCre-F CGATGCAACGAGTGATGAGGT RT-PCR Cre-Recombinase
rtCre-R GGCAAACGGACAGAAGCATTT RT-PCR Cre-Recombinase
rtGPX1-F AACCAGTTTGGGCATCAGGAG RT-PCR Human Glutathione Peroxidase 1
rtGPX1-R GTTCACCTCGCACTTCTCGAA RT-PCR Human Glutathione Peroxidase 1
rtms18s-F GCCCGAAGCGTTTACTTTGA RT-PCR Mouse 18s
rtms18s-R TCATGGCCTCAGTTCCGAA RT-PCR Mouse 18s
rtmsALAS2-F CCATCAGGGTGGGTAATGCA RT-PCR Mouse ALAS2
rtmsALAS2-R CGAGGCACAGTTGGGTAGTTG RT-PCR Mouse ALAS2
rtmsBclb-F GAGCCAGTGGAGATCGGGAT RT-PCR Mouse Bcl11b
rtmsBclb-R TCTTTACCTGCAATGTTCTCCTGC RT-PCR Mouse Bcl11b
rtmsCAT-F GCTCAGCCCTGGAGCACAG RT-PCR Mouse Catalase
rtmsCAT-R CTTTGTGTAGAATGTCCGCACCT RT-PCR Mouse Catalase
rtmsFBLX5-F ACCCTGTTCATTGGGCAAGAG RT-PCR Mouse FBLX5
rtmsFBLX5-R TCACCCATTCCTCATCAGGCT RT-PCR Mouse FBLX5
rtmsFECH-F CCAAGGCCCTGGCTGATC RT-PCR Mouse Ferrochelatase
rtmsFECH-R GCAGACAGGATTTACACAGAGCG RT-PCR Mouse Ferrochelatase
rtmsFerH-F TCCCCACTTATGTGACTTCATTGA RT-PCR Mouse Ferritin Heavy Chain
rtmsFerH-R GGCACCCATCTTGCGTAAGTT RT-PCR Mouse Ferritin Heavy Chain
rtmsFerL-F CGGACCCTCATCTCTGTGACTT RT-PCR Mouse Ferritin Light Chain
rtmsFerL-R CACCCTGCGGAGGTTGGT RT-PCR Mouse Ferritin Light Chain
rtmsGAP-F TAGCCGTGTGACCTTTCTGGAT RT-PCR Mouse GAPDH
rtmsGAP-R CCTGTTCTTCTCGGGCAAAAAT RT-PCR Mouse GAPDH
rtmsGILT-F AGCTGTACCAGGGAACGGAGAA RT-PCR Mouse GILT
rtmsGILT-R CTGGGACGAGTTTGAGGTTATGC RT-PCR Mouse GILT
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Table D-1 - Continued

rtmsGrzA-F GGAGGCTGTGAAAGAATCATTGG RT-PCR Mouse Granzyme A
rtmsGrzA-R GCCAGCACAGATGGTATTTGAACT RT-PCR Mouse Granzyme A
rtmsH19-F GATGACAGGTGTGGTCAATGTGA RT-PCR Mouse H19
rtmsH19-R CAGCCCATGGTGTTCAAGAAG RT-PCR Mouse H19
rtmsHitch-F GCCCATGGTAACCTTGAAAGTG RT-PCR Mouse Hitchhiker
rtmsHitch-R GCTGCATCTCGTGGCTAGGAG RT-PCR Mouse Hitchhiker
rtmsHO1-F TAGCCTGGTGCAAGATACTGCC RT-PCR Mouse Heme Oxygenase 1
rtmsHO1-R AGCGGTGTCTGGGATGAGC RT-PCR Mouse Heme Oxygenase 1
rtmslIL2-F TCTACAGCGGAAGCACAGCA RT-PCR Mouse Interleukin 2
rtmsIL2-R GGTTCCTGTAATTCTCCATCCTGC RT-PCR Mouse Interleukin 2
rtmslIL4-F CACTTGAGAGAGATCATCGGCA RT-PCR Mouse Interleukin 4
rtmsiL4-R GTGTTCTTCGTTGCTGTGAGGAC RT-PCR Mouse Interleukin 4
rtmsKLRA-F ACCCTGGCAGCTCACTGTG RT-PCR Mouse Kira5/Ly49E
rtmsKLRA-R ATCTTTACTGCCAACACTGCAACT RT-PCR Mouse Kira5/Ly49E
rtmsMCOX-F CAGACCGCAACCTAAACACAACT RT-PCR Mouse Mitochondrial COX1
rtmsMCOX-R GGGTGCCCAAAGAATCAGAAC RT-PCR Mouse Mitochondrial COX1
rtmsMPLZ-F ACACTGTGCCCTTCTCTGAGATCT RT-PCR Mouse Myelin Protein Like Zero
rntmsMPLZ-R | GAAGTGCTGGAAGAGGACTACCAC | RT-PCR Mouse Myelin Protein Like Zero
rtmsNADH-F ACCCTAGCAGAAACAAACCGG RT-PCR Mouse NADH Dehydrogenase 1
rtmsNADH-R AATAACGCGAATGGGCCG RT-PCR Mouse NADH Dehydrogenase 1
rtmsNFY-F TGAGTATTGCCAAGTTTGAGGTCA RT-PCR Mouse Interferon Gamma
rtmsNFY-R CTGAGGCTGGATTCCGGC RT-PCR Mouse Interferon Gamma
rtmsP53-F CTGCTCCGATGGTGATGGTAA RT-PCR Mouse p53
rtmsP53-R GAGCCAGGCCTAAGAGCAAGAA RT-PCR Mouse p53
rtmsSOD2-F GCTCTGGCCAAGGGAGATGT RT-PCR Mouse SOD2 (exon 3 specific)
rtmsSOD2-R GGGCTCAGGTTTGTCCAGAAA RT-PCR Mouse SOD2 (exon 3 specific)
rtmsSODX-F GGCTCTGGCCAAGGGAGAT RT-PCR Mouse SOD2 (non-exon 3)
rtmsSODX-R AGGGCTCAGGTTTGTCCAGAAA RT-PCR Mouse SOD2 (non-exon 3)
rtmsTfR-F GTTCAAAGCTGCCACCTGAGA RT-PCR Mouse Transferrin Receptor
rtmsTfR-R TGGTGGATATAACTTGGGCGAGT RT-PCR Mouse Transferrin Receptor
rtmsUSP-F ATGTTTCGTCCAGCCCAAAGA RT-PCR Mouse USP18
rtmsUSP-R GCAGATGAGTCAGCTTCAGAACCT RT-PCR Mouse USP18
rtSOD1-F GGATGAAGAGAGGCATGTTGGAG RT-PCR Human SOD1
rtSOD1-R CATGGACCACCAGTGTGCG RT-PCR Human SOD1
rtSOD2-F GGCCTACGTGAACAACCTGAA RT-PCR Human SOD2
rtSOD2-R CTGTAACATCTCCCTTGGCCA RT-PCR Human SOD2
rtSOD1-F AATGTGACTGCTGGAAAGGACG RT-PCR Mouse SOD1
rtSOD1-R GACCACCATTGTACGGCCAA RT-PCR Mouse SOD1
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