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ABSTRACT

SIRT3 is a mitochondrial-localized, NAD*-dependent deacetylase, tumor suppressor
protein that functions to direct mitochondrial energy sensing and antioxidant proteins, increasing
the efficiency of energy utilization, providing a redox balanced environment, and preventing
aging-related diseases. One SIRT3 deacetylation target is NADP*-dependent isocitrate
dehydrogenase 2 (IDH2), a key Krebs Cycle enzyme that produces a-ketoglutarate by oxidizing
isocitrate, linking glucose metabolism to oxidative phosphorylation. In addition, IDH2 catalyzes
the production of NADPH, a reducing reagent to maintain cellular redox balance. It has been
shown that acetylation of IDH2 at lysine 413 decreases IDH2-dependent enzymatic activity.
However, the mechanism by which acetylation of IDH2 inhibits activity, as well as the
phenotypes due to its aberrant acetylation, remain unknown. In my thesis, we report that loss
of SIRT3 increases IDH2 acetylation at lysine 413 (IDH2-K413-Ac) decreases IDH2 enzymatic
activity via a mechanism that decreased IDH2 dimer formation. Native-PAGE analysis of eluted
mutant IDH2 proteins (acetylation mimetic mutant, IDH2K43Q) showed a decreased IDH2
dimerization. Metabolically, expression of IDH2X43Q in cancer cells significantly decreased
oxygen consumption, ATP turnover, mitochondrial respiration, and glutathione levels, and
increased cellular reactive oxygen species (ROS) and glycolysis, suggesting a shift in
mitochondrial metabolism to an environment promoting oxidative stress. In addition, enforced
expression of IDH2X43Q promoted in vitro transformation of NIH3T3 cells and tumorigenesis in
nude mice. Finally, immunohistochemistry (IHC) staining showed that IDH2 acetylation was

higher in high-risk Luminal B patients than low-risk Luminal A patients. Overall, these results



3
suggest a potential relationship between SIRT3 enzymatic activity, IDH2-K413-Ac and

dimerization, and a transformation and/or carcinogenic permissive phenotype.
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CHAPTER |

INTRODUCTION
Aging, human illness and carcinogenesis

Over the last 20 years, it has become increasingly clear that the incidence of solid tumors
in human is strongly correlated with aging. In fact, the increase of age is significantly associated
for solid tumor carcinogenesis from somatic cells (Ershler and Longo, 1997a). As the age of an
organism increases, the incidence of cancer increases. Therefore, cancer has been regarded as an
aging-related disease. The curve for cancer incidence starts with an initial flat shape, followed by
an inflection point around the age of fifty, from which the incidence of cancer begins to rise
exponentially. Based on these observations, it seems reasonable to suggest that there might be
possible alterations in certain biological processes and/or cellular reparative pathways that occur
at this inflection point, resulting in tumor permissive phenotypes or phenotypes that favor
carcinogenesis (Tao et al., 2014).

Aging is a universal process that can be summarized as a decrease in fertility and survival
probability. However, the quantification of aging remains relatively undetermined and elusive.
To investigate aging-related processes, measuring patterns of longevity seems necessary. The
curve of longevity measures how an organism survives over time statistically and illustrates the
survival probability across different lifespans. Although the maximum lifespan between species
varies enormously, a common pattern emerges from longevity curves across various species
ranging from C. elegans to humans (Guarente, 2007; Tao et al., 2014; Zhu et al., 2014). The
shape of the C. elegans longevity curve is very similar to the curve of human cancer incidence. It
starts with a relatively flat initial slope, representing the initial high survival probability, and

followed by an inflection point at roughly two to three weeks, after which the slope of the curve
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changes rapidly, representing a steep decline in the probability of survival before the maximal

longevity of C. elegans. The overall pattern of an inflection point that occurs before the steep
slope appears seems to be present in the survival curve of most species. Even though the curves
for survival and the incidence of human cancers are inverted, the same pattern is evident: both
starts with a flat slope followed by a sharp transition to a steep slope marked by an inflection
point (Tao et al., 2014). This raises rather interesting questions: 1) Do the inherent cellular
reparative biological processes or genes that are directly related to longevity play a role in the
observed increased incidence of solid tumors? 2) For these processes and/or genes, are there

alterations of enzymatic activities/gene expressions at the inflection point?

Sirtuins as an aging related protein family that directs the cellular acetylome

Sirtuins (homolog of yeast Sir2) were initially discovered in yeast and C. elegans, and
these genes play a critical role in extending the life cycle by suppressing toxic rDNA formation,
suggesting a potential role of sirtuins in anti-aging (Guarente, 2007). In addition, it has been
shown that the interaction between Sir2 and Ku is required for DNA double-stranded break
repair (Boulton and Jackson, 1998). Therefore, loss of sirtuins may play a significant role in the
control of the life cycle. Furthermore, analysis of the C. elegans longevity data has suggested
that the survival rate of C. elegans has an inflection point that indicates a steep decrease in C.
elegans survival (Guarente and Kenyon, 2000; Zhu et al., 2014). Overexpression of sirtuins in C.
elegans can shift the inflection point to the right, prolonging their life span; whereas knocking
out sirtuins in C. elegans can shift the inflection point to the left, reducing their life span

(Guarente and Kenyon, 2000).
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Mammalian sirtuins, the class Ill histone deacetylase family, are different from

conventional class | and Il histone deacetylases (HDACs) (Donmez and Guarente, 2010;
Saunders and Verdin, 2009). Mammalian sirtuins share homology with yeast silent information
regulator 2 (Sir2) and use nicotinamide adenine dinucleotide (NAD") as a cofactor. Seven
sirtuins (SIRT1-SIRT7) have been found in humans and localized in different cellular
compartments. SIRT1, SIRT6 and SIRT7 are nuclear sirtuins, which function as a regulator of
several important transcription factors related to cellular metabolism (Finkel et al., 2009;
Guarente, 2008), with SIRT1 being the most intensively studied sirtuin in the nucleus. Studies
have investigated whether the loss of a specific sirtuin gene can affect mice life span. Mice,
lacking one of the seven sirtuin genes (except Sirt6), do exhibit murine physiological phenotypes
similar to that observed in humans for several age-related illnesses, including insulin resistance,
cardiovascular disease, neurodegeneration, and most importantly tumorigenesis permissive

phenotypes (Donmez and Guarente, 2010; Saunders and Verdin, 2009).

It was first discovered in 2001 that SIRT1 can deacetylate p53 (Vaziri et al., 2001).
During DNA damage, SIRT1 is overexpressed and interacts with p53. This results in the
deacetylation of p53 at lysine 382, inactivating p53 as a transcription factor. This discovery
suggests that during DNA damage response, SIRT1 can inhibit p53 function through
deacetylation, therefore reversing damage-induced transcription and reducing the possibility of
apoptosis (Vaziri et al., 2001). Later, many other publications have shown that SIRT1 functions
to repress the activation of different transcription factors. For example, SIRT1 binds to Hairy-
related proteins (bHLH) and represses transcription (Takata and Ishikawa, 2003). Under stress

conditions, SIRT1 regulates FOXO transcription factor by increasing its ability of cell cycle
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arrest and decreasing FOXO3-induced cell death, suggesting that SIRT1 functions to increase

longevity by inhibiting apoptosis and increasing stress resistance (Brunet et al., 2004). SIRT1
also binds to forkhead transcription factor and inhibits forkhead-dependent apoptosis, suggesting
that SIRT1 can down-regulate different damage-responsive proteins. All these are initial
discoveries show SIRT1 increases lifespan through repression of regulation of transcription

factors and/or activation of transcription repressors.

Sirtuin proteins dysregulation and their roles in carcinogenesis

More recent discoveries have suggested that SIRT1 may function as a double-sided coin
in carcinogenesis, either by suppressing tumor growth or promoting carcinogenesis and
resistance to chemo/radiotherapy. There are many publications suggesting that SIRT1 functions
as a tumor suppressor protein. SIRT1 fucntions as a tumor suppressor protein in human
papillomaviruses (HPV) by regulation E1-E2 mediated DNA replication. Knocking out SIRT1
results in an increase of replication through acetylation and increased stabilization of E2 protein
(Das et al., 2017). As a metabolic protein, SIRT1 can regulate glutamine metabolism (Ren et al.,
2017). Haploinsufficiency of SIRT1 elevates c-Myc expression, promoting utilization of
glutamine, proliferation and tumor cell growth (Ren et al., 2017). In mesenchymal stem cells,
overexpression of SIRTL1 inhibits breast cancer and prostate cancer cell growth by recruiting
nature Killer cells and macrophages, suggesting the potential role of SIRT1 in regulating the

tumor inflammatory microenvironment (Yu et al., 2016b; Yu et al., 2016c).

On the contrary, there are also many publications indicating SIRT1 as a protein that

promotes oncogenesis. For example, hypermethylated in cancer 1 (HIC1) is a transcription factor
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that functions with p53 and suppresses cancer growth in mice (Chen et al., 2005). However,

inactivation of HIC1 results in SIRT1 upregulation and allows cancer cells to bypass DNA
damage-induced apoptosis (Chen et al., 2005). Therefore, it is hypothesized that upregulation of
SIRT1 may result in an increase of tumor incidence in mammalians cells. Treatment of
oxaliplatin, a chemotherapy reagent, functions to inhibit SIRT1-induced p53 deacetylation,
activating apoptosis and reducing cyclin D expression. This results in an elongation of the cell
cycle and decreases tumor cell proliferation (Chen et al., 2017). SIRT1 has also been shown as a
potential indicator of advanced pathological parameter in gastric cancer, and high Beclin-1 and
SIRTL1 expression correlates with a worse clinical outcome and shorter overall survival (Qiu et
al., 2016). In addition, another study in gastric cancer has shown that overexpression of SIRT1
and phosphorylated STAT3 (p-STAT3) is associated with a worse clinical outcome in gastric
cancer patients, as advanced stage gastric cancer patients have a higher SIRT1 and p-STAT3
staining. While almost every single protein has dual functions related to
carcinogenesis/pathogenesis, it is hypothesized that depending on the type of cancer, SIRT1 may
have different functions either as a tumor suppressor protein or as a protein that potentially

promotes tumorigenesis.

The only cytoplasmic sirtuin, SIRT2, has similar functions as SIRT1, as it can also
provide control over cell cycle progression and genomic stability. For example, loss of SIRT2
results in mammary tumors in female mice and hepatocellular carcinoma (HCC) in male mice.
SIRT2 regulates the activity of the anaphase-promoting complex/cyclosome (APC/C) through
deacetylation of the APC/C coactivators. Therefore, loss of SIRT2 results in increased mitosis,

increased genomic instability, and aneuploidy (Kim et al., 2011). These are all phenotypes
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observed in different types of cancer, and staining of breast and HCC patient samples suggest

that compared with normal tissues, SIRT2 is reduced in tumor samples (Kim et al., 2011). In
addition, SIRT2 deacetylates and inactivates the peroxidase activity of peroxiredoxin (Prdx-1),
therefore sensitizing cancer cells to DNA damage and cytotoxicity (Fiskus et al., 2016).
Furthermore, SIRT2 was downregulated in serous ovarian carcinoma (SOC). Inhibition of SIRT2
in SOC cells results in an increase in tumor cell migration and invasion (Du et al., 2017).
Metabolically, loss of SIRT2 results in increased acetylation of PKM2, inhibiting active,
tetrameric PKM2 formation and promoting tumorigenesis in Sirt2”- mammary tumor cells and
HeLa cancer cells by inhibiting oxidative phosphorylation and promoting glycolysis (Park et al.,

2016h).

However, there are other discoveries suggesting potential roles of SIRT2 in promoting
different types of cancer. For example, a study in melanoma suggests that SIRT2 was
upregulated in samples with lymph node metastasis (Wilking-Busch et al., 2017). In addition,
SIRT2 was found to be upregulated in non-small cell lung cancer cell (NSCLC), and degradation
of SIRT2 results in an inhibition of NSCLC growth (Luo et al., 2017). Moreover, overexpression
of SIRT2 was found in basal-like breast cancer, as well as deactylating Slug protein at lysine 116
and preventing Slug degradation, and overexpression of Slug protein is associated with basal-like

breast cancer aggressiveness (Zhou et al., 2016).

While initial discoveries have suggested that SIRT2 localizes in the cytoplasm and is
mainly involved in the regulation of cellular mitosis (Kim et al., 2011; Park et al., 2012), a recent

discovery from our laboratory has provided a potentially novel localization of SIRT2, as it can
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localize in the mitochondria and control autophagy, energy utilization and redox homeostasis

(Liu et al., 2016). Specifically, loss of Sirt2 results in an increase of pan-acetylation in mice
mitochondrial extracts, suggesting its potential role in regulating mitochondrial
acetylation/deacetylation process (Liu et al., 2016). Loss of Sirt2 results in an increase of
GSSG:GSH ratio and mitochondrial ROS, suggesting that loss of Sirt2 could create an
environment that leads to redox imbalance. Furthermore, loss of Sirt2 decreases cellular
respiration capacity, ATP turnover and cellular detoxification, suggesting that SIRT2 may affect
metabolic properties as well (Liu et al., 2016). In addition, SIRT2 interacts with many
mitochondrial proteins, including SIRT3, suggesting that a potential crosstalk between different

sirtuins localized in different cellular compartments may potentially exist.

SIRT3 dysregulation, aberrant intracellular acetylation, and carcinogenesis

Among the sirtuins that are localized in the mitochondria (SIRT3, SIRT4 and SIRT5),
SIRT3 is the primary mitochondrial deacetylase (Lombard et al., 2007) and has been
demonstrated to be a legitimate tumor suppressor by regulating mitochondrial energy
metabolism (Hirschey et al., 2010), limiting the accumulation of mitochondrial ROS (Ahn et al.,
2008; Kim et al., 2010). Admittedly, there are discoveries suggesting SIRT3 as a protein that
promotes tumorigenesis in gastric cancer and non-small cell lung cancer (Cui et al., 2015; Xiong
et al., 2017); however, most discoveries related to SIRT3 suggest that SIRT3 functions as tumor
suppressor protein. Because of the mitochondrial localization of SIRT3, one possible explanation
why loss of SIRT3 enzymatic activity results in tumor permissive phenotypes can be explained

through the aberrant metabolic properties due to loss of SIRT3.
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Many additional studies have suggested that SIRT3 plays a critical role in maintaining

mitochondrial metabolism homeostasis through its deacetylation activity. It is has been suggested
that SIRT3 can regulate mitochondrial energy homeostasis proteins including acetyl-coenzyme A
synthetase, long-chain acyl-coenzyme A dehydrogenase, and 3-hydroxy-3-methylglutaryl
coenzyme A synthase 2 to respond to nutrient stress (Fritz et al., 2012; Hirschey et al., 2010; Jing
et al., 2011; Zhu et al., 2012). SIRT3 also deacetylates ATP synthase F1 complex specifically at
lysine 139 of Oligomycin sensitivity-conferring protein (OSCP), and deacetylation of OSCP

lysine 139 increases ATP production and mitochondrial energy homeostasis efficiency.

Sixty years ago, Otto Warburg described that tumor cells tend to have aberrant
mitochondrial metabolism with a dysregulation of ATP production and mitochondrial energy
homeostasis, where cancer cells exhibit higher levels of glucose consumption as compared to
their normal counterparts (Warburg, 1956). In this regard, Finley et al have shown that cells
lacking Sirt3 exhibit increased glucose consumption (Finley et al., 2011). Loss of Sirt3 increased
the stabilization of HIF-1a protein, which functions as a transcription factor that activates
multiple cellular pathways including metabolic reprogramming and cancer cell proliferation
(Haigis et al., 2012). Loss of Sirt3 increased glucose uptake and lactate production, whereas
overexpression of SIRT3 proteins decreased lactate production and suppressed the Warburg
effects in cancer cells (Finley et al., 2011). In addition, it has been shown that loss of Sirt3
increased mitochondrial ROS levels, which increases genomic instability, activates HIF-1o and
promotes carcinogenesis (Bell et al., 2011; Haigis et al., 2012; Kim et al., 2010; Tao et al., 2010).
Similarly, Ozden et al also suggested that loss of SIRT3 enzymatic activity could affect the

pyruvate dehydrogenase enzymatic activity and thus promote the cell to a more transformed
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phenotype and prefer glycolysis (Ozden et al., 2014). These results provide a potential

mechanistic link between mitochondrial acetylome, aging, carcinogenesis.

SIRT3 regulation of cellular oxidation / reduction status and/or reactive oxygen species

It is well known that ROS production is closely linked to the mitochondrial energy
metabolism and carcinogenesis. As a result of using oxygen to generate ATP, mitochondria
produce ROS as a byproduct. Electrons transfer through oxidative phosphorylation (OXPHOS)
constitutes a major way of ROS production, since electrons can leak out of complexes I and I,
resulting in one-electron reductions of oxygen to produce the superoxide radical (Spitz et al.,
2004). Loss of Sirt3 induced increased acetylation of electron transport chain proteins induced
higher steady-state levels of ROS (Finley et al., 2011; Vassilopoulos et al., 2014). Not only is
SIRT3 involved in ROS production process, it is recently recognized that SIRT3 could also
directly regulate the ROS detoxification enzymatic activity through deacetylation of (Manganese
superoxide dismutase) (MnSOD) and NADPH production through deacetylation of Isocitrate
dehydrogenase 2 (IDH2). On this topic, several studies have demonstrated that MnSOD and
IDH2 contain several reversible acetyl lysines and that acetylation alters its enzymatic function
(Chen et al., 2011; Qiu et al., 2010; Someya et al., 2010; Tao et al., 2010; Yu et al., 2012).Two
mitochondrial target proteins, MnSOD and IDH2, both of which are SIRT3 deacetylation targets,
become the main focus of my thesis research, as both are critical regulators for cellular redox

balance and detoxification processes.

MnSOD was previously regarded as a simple ROS scavenging enzyme with its activity

thought to be only stoichiometrically dependent on the levels of mitochondrial superoxide.
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However, recent studies have been suggested that MnSOD activity could be regulated by several

cellular mechanisms including, transcriptional, translational, and perhaps most importantly, post-
translational regulation, depending on the intracellular signals or environmental triggers (Dhar
and St Clair, 2012; Hitchler et al., 2008; Huang et al., 1999; Li et al., 2006). Furthermore,
intracellular sensing proteins recognizing specific intracellular physiological conditions and
initiating post-translational signaling cascades has been known as a fundamental paradigm in
biology (Bisht et al., 2003; Gius et al., 1999a; Gius et al., 1999b; Hallahan et al., 1993). Lysine
acetylation has recently been regarded as an important post-translational modification
mechanism that regulates mitochondrial proteins (Choudhary et al., 2009; Kim et al., 2006;
Kouzarides, 2000; Lombard et al., 2007). In this regard, it is logical to hypothesize that MnSOD

may contain specific lysine residues, which can be deacetylated by SIRT3.

On this topic, three seminal papers have been published to illustrate how Sirt3 could
directly affect MnSOD activity through site-specific deacetylation (Chen et al., 2011; Qiu et al.,
2010; Tao et al.,, 2010). Tao et al. showed that lysine 122 of MnSOD can be targeted for
deacetylation by Sirt3. When examining the 3D protein structure of MnSOD, lysine 122 is
located near the entrance to the MnSOD inner catalytic core. The data presented in this paper
provide significant experimental data to validate the electrostatic facilitation model proposed by
Dr. Fridovich (Benovic et al., 1983; Tao et al., 2010; Zhu et al., 2012). Using site-directed
mutagenesis, lysine 122 was mutated to an arginine (positive charge mimicking a deacetylated
state, MnSODK!22R), This mutation induced higher level of MnSOD activity and decreased
mitochondrial superoxide level. In contrast, when lysine 122 was mutated to a glutamine (neutral

charge mimicking an acetylated state, MnSODX!?2Q), MnSOD activity was decreased and
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mitochondrial superoxide level increased. Given the positively charged lysine residue 122 is

located close to the entrance of the catalytic core and ideally oriented to provide superoxide
anion attraction. Thus it is reasonable to propose the mechanism of increased MnSOD enzymatic
activity is due to the attraction of the negatively charged superoxide anion toward the positively
charged lysine residues. However, when lysine 122 is acetylated, the electrostatic funnel shows a
neutral to negative charge, which repels superoxide anion, therefore, decreasing the possibility of
superoxide entering the active site to H20. conversion. In addition, the role of MnSOD lysine
122 acetylation in carcinogenesis was confirmed by experiments that infection of Sirt3”- MEFs
with lenti-MnSODX!22R byt not lenti-MnSODK?2Q inhibited in vitro immortalization by an

oncogene Ras, or exposure to irradiation (Tao et al., 2010).

Similarly, MnSOD lysine 68 was also suggested to be a potential deacetylation site
guided by SIRT3 (Chen et al., 2011). Results showed that SIRT3 was able to deacetylate
MnSOD at lysine 68 and further increase the enzymatic activity of MnSOD. It is also shown that
when cells challenged with DMNQ, a reagent that is known to increase mitochondria ROS level,
Sirt3 can be stimulated and further lead to MnSOD activation by deacetylation and protect cells
from increased intracellular mitochondrial ROS. All these studies showed that SIRT3 could
physically interact with MnSOD and deacetylate MnSOD in cell-free, in vitro, and in vivo
(murine) model systems. In addition, loss of SIRT3 in different cell lines resulted in increased
intracellular and mitochondrial superoxide levels, whereas overexpression of WT SIRT3 but not
the deacetylation-null, decreased cellular ROS and mitochondrial superoxide levels (Kim et al.,
2010; Tao et al., 2010). The deacetylation of lysine 68 and 122 significantly increases the

MnSOD enzymatic activity and thus protecting cells from ROS induced genomic instability and
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other deleterious effects (Chen et al., 2011; Jing et al., 2011; Tao et al., 2010). In addition, it is

now well documented that MnSOD activity is decreased in early breast cancer and several
sources have demonstrated that MnSOD plays a critical role in breast cancer cell proliferation, as
well as metastasis through controlling the superoxide and hydrogen peroxide production to
activate several redox-sensitive survival and proliferation related cell signaling pathways
(Becuwe et al., 2014; Kaewpila et al., 2008; Kattan et al., 2008; Li et al., 1995; Sarsour et al.,

2012; Vera-Ramirez et al., 2011; Wang et al., 2005)

IDH2, another mitochondrial protein, has been shown to be a SIRT3 deacetylation target.
IDH2 was regarded as an enzyme that functions in the TCA cycle. Its primary role is to oxidize
isocitrate into alpha-ketoglutarate (a-KG). The active form of IDH2 is a homodimer that binds to
isocitrate and NADP* and catalyzes the production of a-KG and NADPH. NADPH is long
regarded as a reducing reagent that functions to remove ROS and reproduce GSH for cellular
detoxification (Rush et al., 1985). Therefore, IDH2 is regarded as a critical metabolic and
detoxification enzyme in the TCA cycle that supports mitochondrial integrity and energy
homeostasis. On the other hand, genetic loss of IDH2 in mice has been associated with
mitochondrial dysfunction, neurotoxicity, and potentially cardiac hypertrophy and Parkinson’s
disease (Kim et al., 2016; Ku et al., 2015; Park et al., 2016a), suggesting the role of IDH2 in
mitochondrial metabolism and pathogenesis due to dysregulated mitochondrial energy

homeostasis and/or detoxification.

Loss of SIRT3 enzymatic activity results in an increase of IDH2 acetylation at lysine 413.

Loss of IDH2 enzymatic activity due to acetylation of IDH2 at lysine 413 increases GSSG / GSH
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ratio, increases mitochondrial ROS levels, and is associated with B cell malignancy (Yu et al.,

2016a; Yu et al., 2012). Furthermore, studies also suggested that the induction of deacetylation
activity also appears to protect against the development of age-related human pathology,
including carcinogensis (Kim et al., 2010; Someya et al., 2010). Thus, with these results, it is
logical to propose that SIRT3 functions as a sensing or fidelity protein which can regulate
downstream targets through post-translational modifications involving protein acetylation to
modify cellular metabolism and redox balance and may be involved in aging-related diseases

like cancer.

Three seminal papers have been published to illustrate how SIRT3 could directly affect
IDH2 activity through site-specific deacetylation (Yu et al., 2012). It was first shown that caloric
restriction (CR) extends the lifespan of mice by activating SIRT3 and IDH2. Activation of IDH2
and SIRT3 by CR reduced oxidative stresses in mice and prevented acute hearing loss. In
addition, overexpression of SIRT3 increased NADPH levels and protects cells from oxidative
stress (Someya et al., 2010). Later, Yu et al. showed that lysine 413 of IDH2 can be targeted for
deacetylation by SIRT3. When examining the 3D protein structure of IDH2, lysine 413 is located
near the catalytic NADP™ binding site of IDH2. Using site-directed mutagenesis, lysine 413 was
mutated to an arginine (positive charge mimicking a deacetylated state, IDH2X43R). This
mutation induced higher levels of IDH2 activity and decreased mitochondrial superoxide levels.
In contrast, when lysine 413 was mutated to a glutamine (neutral charge mimicking an acetylated
state, IDH2K413Q) |DH2 activity significantly decreased, the Km value for isocitrate and NADP*
binding significantly increased, the Vmax decreased, and the GSSG / GSH ratio significantly

increased (Yu et al., 2012). Thus, it is reasonable to propose that the mechanism of decreased
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IDH2 enzymatic activity is that when lysine 413 is acetylated, the inability to bind to NADP*

and isocitrate decreases the association of IDH2 monomeric proteins, and therefore decreases the

formation of IDH2 homodimers.

Several years later, Yu et al. published another manuscript suggesting that loss of SIRT3
enzymatic activity provides a growth advantage for malignant B cells (Yu et al., 2016a). They
discovered that in malignant B cells, SIRT3 protein levels and SIRT3 mRNA levels were lower
compared to normal B cells, resulting in a higher IDH2 acetylation levels and a higher Ki67
percentage. In addition, these cells possess higher mitochondrial ROS levels. All these
pathological and biochemical phenotypes provide a growth advantage for B cell malignancy.
Overall, all these properties associated with loss of SIRT3 enzymatic activity and IDH2
acetylation at lysine 413 suggest that dysregulated IDH2 acetylation, due to loss of SIRT3
enzymatic activity, can provide at least partial explanations of tumor permissive phenotypes

and/or tumorigenesis related to Sirt3 loss.

Overall, cells lacking Sirt3 may have dysfunctional coordination of both mitochondrial
energy metabolism and detoxification enzymes, which can ultimately result in aberrant and
potentially damaging ROS production that may have deleterious biological effects. All these
results related to SIRT3, mitochondrial energy homeostasis, ROS production and detoxification
also raise several important questions regarding the role of SIRT3 in carcinogenesis that include:
(1) what are the roles of sirtuins, specifically SIRT3, in tumorigenesis? (2) how are sirtuins,
specifically SIRT3, involved in regulation of cancer cell metabolism, proliferation and metastasis

through site-specific acetylation/deacetylation?
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SIRT3 is a breast cancer tumor suppressor protein

While mice lacking one of the seven sirtuin genes do not exhibit changes in life span,
these mice exhibit physiological phenotypes for several age-related illness, including insulin
resistance, cardiovascular disease, neurodegeneration, and most importantly a tumorigenesis
permissive phenotype (Desouki et al., 2014). Recently, the Gius laboratory created a Sirt3
knock-out mouse model, and these mice not only exhibit dysregulated mitochondrial
detoxification pathways but also contain increased cellular and mitochondrial reactive oxygen
species (ROS). In addition, the mice lacking Sirt3 develop estrogen receptor positive (ER+)
mammary tumors that display high Ki-67 and are poorly differentiated with poor prognosis, and
this histopathology is similar to that observed in women with luminal B breast malignancies

(Desouki et al., 2014; Kim et al., 2010; Tao et al., 2010).

Breast cancer is the most common and frequent cancer among women in the US, and it is
the second cause of cancer death in women worldwide (Fadoukhair et al., 2015; Lumachi et al.,
2015). The expected number of new breast cancer cases in the US is approximately 231800 in
2015, which accounts for 29% of all cancers (Lumachi et al., 2015). Breast cancers are
categorized into four different subtypes with different molecular characteristics: luminal A,
luminal B, HER2 and triple negative breast cancer (Perou et al., 2000). The luminal A and
luminal B breast cancer are hormone-receptor positive breast cancers (Fadoukhair et al., 2015).
Specifically, the estrogen receptor (ER) and/or progesterone receptor (PR) are expressed in both
luminal A and luminal B breast cancer, the latter showing high (more than 14% positive using
IHC staining) proliferation signature gene expression (Ki67) and/or oncogenic human epidermal

growth factor receptor 2 (HER2) expression (Goldhirsch et al., 2011; Mitri et al., 2012; Perez et
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al., 2015). HERZ2 and triple-negative breast cancer are hormone-receptor negative breast cancers,

with the former showing HER2 overexpression, and triple negative regarded as the most

aggressive breast cancer (Goldhirsch et al., 2011).

Receptor positive breast cancer (luminal A and luminal B) accounts for approximately
80% of all breast cancers (Lumachi et al., 2015). Endocrine therapy has been mainly used in
receptor positive breast cancer treatment (Lumachi et al., 2015). There are several endocrine
therapy methods, including ovarian function suppression (OFS), selective estrogen receptor
modulators or down-regulators (SERMs or SERDs) and aromatase inhibitors (Als) (Lumachi et
al., 2015). OFS is used to suppress ovarian function, which secretes estrogen and progesterone
(Love et al., 2015). Surgical removal of ovaries and gonadotropin-releasing hormone agonists
(GnRHa) has been used to obtain OFS (Lumachi et al., 2015; Vitek et al., 2014). The most well-
known SERM is tamoxifen (TAM), which blocks ER signaling in the breast and brain selectively
(Lumachi et al., 2013; Lumachi et al., 2015). TAM mainly benefits ER+ breast cancer patients
by reducing the recurrence and mortality rate (Early Breast Cancer Trialists' Collaborative et al.,
2011; Lumachi et al., 2015). Fulvestrant is the only SERD approved by the FDA (Lumachi et al.,
2015). It functions as an ER antagonist with no estrogen agonist activity, binding to ER and
preventing ER dimerization and relocalization (Croxtall and McKeage, 2011; Dauvois et al.,
1993). Als inhibit the cytochrome P450 component of the aromatase enzyme complex to prevent

estrogen biosynthesis (Mokbel, 2002).

Despite the similarity in the treatment between luminal A and luminal B breast cancer,

given the impact of proliferative and oncogenic genes in luminal B breast cancer, luminal B
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patients have a worse clinical outcome than luminal A patients (Goldhirsch et al., 2011; Perou et

al., 2000). Pathologically, luminal B patients have a worse tumor grade and a larger tumor size
than luminal A patients (Carey et al., 2006; Haque et al., 2012). Genetically, luminal B patients
have a higher p53 mutation rate compared to luminal A patients, resulting in poor prognosis
(Carey et al., 2006; Haque et al., 2012). Statistically, luminal B patients have a lower probability
of five-year relapse-free survival rate, disease specific survival rate, overall survival rate and
distant metastasis-free survival rate compared to luminal A breast cancer patients (Creighton,
2012; Jenkins et al., 2014; Parker et al., 2009). In addition, higher Ki67 expression found in
luminal B breast cancer patients is correlated with higher relapse rate (Ellis et al., 2008). Because
of its proliferative characteristics, luminal B breast cancer has become less responsive to
chemotherapy and endocrine therapy, and approximately 30% of receptor positive breast cancer

did not benefit from endocrine therapy at all (Allred et al., 2004; Creighton, 2012).

Receptor negative breast cancers, including HER2 and triple negative breast cancers,
typically have a worse clinical outcome. Metastasis to brain is higher in these two breast cancer
subtypes, and patients with HER2 or triple negative breast cancer have a lower survival rate
(Martin et al., 2017). Despite the differences of breast cancer subtypes, all four types of breast
cancer share a similarity with many other types of cancer, as cancer is an aging-related disease.
The data for solid tumors in human suggest that as the age increases, an inflection point that
indicates an exponential increase in human cancer incidence occurs after 50 years old (Zhu et al.,
2014). Approximately half of the newly diagnosed breast cancer patients are older than 65 years
(Barginear et al., 2014; Siegel et al., 2012). Furthermore, luminal B breast cancer patients older

than 60 years have a two-fold increase in luminal B incidence compared to patients between 40
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and 59 years old, whereas the incidence of luminal A breast cancer remains relatively constant

among different age groups (Creighton, 2012). Therefore, the incidence of luminal B breast
cancer is linked with aging and aging related genes. One evolutionally preserved aging-related

gene that can result in luminal B breast cancer incidence is sirtuins.

To further understand the role of SIRT3 in breast carcinogenesis, our laboratory has
shown that Sirt3 knock out mouse embryonic fibroblasts (MEFs) exhibited significantly higher
levels of genomic instability and could be immortalized by infection with a single oncogene,
either Myc or Ras. In addition, these immortalized MEFs were able to grow in low density, soft
agar and become tumorigenic in nude mice (Kim et al., 2010). These results strongly suggest that
loss of Sirt3 results in a tumor-permissive phenotype in mice. More importantly, Sirt3” mice
developed mammary gland tumors over 24 months, while no Sirt3** mice developed mammary
tumors during the same period. Interestingly, Histological H&E and immunohistochemistry
(IHC) staining identified these tumors as estrogen receptor and progesterone receptor (ER/PR)
positive. These results further suggested that Sirt3” mice developed mammary gland tumors
parallel a well-differentiated, receptor-positive histological characteristic that is commonly
observed in breast malignancies in older women (Kim et al., 2010). Finally, using human breast
cancer sample sets including SIRT3 expression and Sirt3 RNA levels also showed that SIRT3
expression was significantly lower in breast cancer samples as compared to normal control and
negatively correlates breast cancer malignancy (Kim et al., 2010). Together, results from in vitro,
in vivo and human studies strongly support the hypothesis that SIRT3 is a genomic expressed,

mitochondrial localized tumor suppressor protein.
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More importantly, sirtuins have been suggested to play a role in anti-aging and receptor

positive breast cancer are most common in post-menopausal women, which incidence increases
slowly until the mid 60’s when a significant increase in incidence is observed (Ershler and
Longo, 19974, b). In this regard, results of Sirt3 knockout mice developing ER-positive breast
cancer provide a convincing argument that SIRT3 may function as critical regulators at the
crossroads between metabolic regulations, aging and aging related human diseases like breast
cancer, and loss of Sirt3 would contribute to creating a tumor permissive environment.
Therefore, in my thesis, the overarching goal is to study how does the aberrant acetylation of
mitochondrial proteins (IDH2 and MnSOD), due to loss of SIRT3 enzymatic activity, can result
in an inbalanced redox environment and energy homeostasis, therefore promoting tumorigenesis

and tumor permissive phenotypes.
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Chapter 2: Materials and Methods

Cell culture

HEK-293T, MCF7 and NIH3T3 cells were obtained from ATCC in 2012, authenticated
using CellCheck 9 Plus by IDEXX Bioresearch, and tested for mycoplasma using PlasmoTest™
- Mycoplasma Detection Kit (InvivoGen, Inc) in 2016. Early passages of cells were frozen in
liquid nitrogen and cells were not passaged after six months. Cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS,
Sigma) and Antibiotic Antimycotic solution (Sigma) and incubated in a 37°C chamber with 5%
CO2. Sirt3” mammary tumor cells were generated from Sirt3* mammary tumor cells and Sirt3
was genetically deleted using Sirt3 CRISPR plasmids (System Biosciences). Sirt3** and Sirt3”-
mouse embryonic fibroblasts were obtained from C57BL/6 female mice embryos. Pregnant mice
were sacrificed before embryos were collected, minced using a razor blade and trypsinized.
Trypsinized embryos were plated on cell culture plates covered by DMEM medium
supplemented with 15% FBS, 1X non-essential amino acid (Sigma) and 1X antibiotic-
antimycotic solutions. MCF7 cells were grown for three months in 1 uM Tam to create MCF7-
4-hydroxyl-tamoxifen-resistant (HTR) permanent cell lines and several different subclones were
frozen. MCF7-HTR cells were not used for more than 5 passages, and new cell lines were

subsequently thawed and expanded.

Mitochondrial fractionation
Sirt3 wild-type and knockout livers were collected from C57BL/6 mice that were
between five and eight months old. Samples were cut into small pieces, washed with 1X PBS

before resuspended in hypotonic buffer (10 mM HEPES, pH = 7.9, 10 mM KCI, 1.5 mM MgCl.,
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and 250 mM sucrose) with 1X protease inhibitor (Biotool), 1X phosphatase inhibitor (Biotool)

and trichostasin A (TSA, Sigma). Samples were homogenized using a glass dounce and
centrifuged at 700 x g at 4 °C twice. The supernatant was then transferred to a new tube and
centrifuged at 5,000 x g for 10 min at 4 °C before the mitochondrial pellet was collected and

washed with hypotonic buffer twice at 10,000 x g for 5 min at 4°C.

IDH2 activity assay

IDH2 activity was measured using an IDH activity kit following the manufacturer’s
procedure (Sigma). Specifically, 1ug of lysed mitochondrial samples or eluted IDH2 samples
resuspended in 38pL of assay buffer were added to the reaction well containing 8uL developer,
2uL IDH substrate and 2uL NADP®*. Since IDH2 is an NADP*-dependent enzyme, whereas
IDH3 is an NAD+-dependent isocitrate dehydrogenase, for the experiments in this study, only
NADP* is added to the reactions and therefore, only NADP*-dependent IDH2 activity is
measured. The plate was incubated at 37 °C for 3 min before the absorbance (Auso) was
measured for the first time. The absorbance was measured every 5 min for 30 min to calculate
the enzymatic activity. The rate of absorbance change is used to determine IDH2 enzymatic

activity.

Cloning

To clone IDH2 genes into PCDH vectors for viral production, pcDNA3-IDH2 plasmid
was used as the template for the PCR  reaction. Forward  (5’-
CCGGAATTCCGGATGGCCGGCTACCTGCGGG-3%) and reverse (5’-

CGCGGATCCGCGCTACTTGTCGTCATCGTC-3%) primers (IDT) were used. QIAGEN fast



31
cycling PCR kit (QIAGEN) was used to PCR amplify IDH2 gene. Specifically, 10uL QIAGEN

fast cycling PCR mix was mixed with 0.5uM forward primer, 0.5uM reverse primer, 300ng
template plasmid, and RNAse-free water (Corning) to bring the volume to 20uL. In the
amplifications, the first 5 min denaturation step at 95 °C was followed by 30 PCR cycles with
each consisting of: 5 seconds at 96 °C (denaturation), 5 minute at 60 °C (annealing) and 1
minutes at 68 °C (extension). A final extension step was performed at 72 °C for 1 minutes. The
PCDH plasmid was digested by BamHI and EcoRI. Specifically, 6ug of PCDH vector was
mixed with 5puL NEB buffer cutsmart, 1uL BamHI-HF, 1pL EcoRI-HF and RNAse-free water to

bring the volume to 50puL. The reaction mixture was incubated at 37 °C overnight.

PCR products and digested plasmids were purified using the gel extraction kit (Qiagen).
Specifically, the PCR products were loaded to a 0.8% agarose gel and electrophoresed for 30
min before the gels containing the PCR product were visualized under UV light, cut using a new
razor blade, weighed and collected in a microcentrifuge tube. Three volumes of QG buffer were
added to 1 volume of gel and the mixture was incubated at 50 °C until the gels were completely
dissolved. The samples were added to the QIAquick column and centrifuged at 14,000 rpm for
one minute before the flow through was discarded. The PCR product was washed using 0.75 mL
buffer PE and centrifuged at 14,000 rpm for one minute before the flow through was discarded.
An additional one-minute centrifugation was performed to remove residual ethanol before the

purified PCR product was eluted using 30pL RNAse-free water.

For cloning of [IDH2 shRNAs, human IDH2 shRNA forward (5’-

CCGGCCTCTCTGGAGGCCTTTCTAGCTCGAGCTAGAAAGGCCTCCAGAGAGGTTTTT
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G-37) and reverse (5°-

AATTCAAAACCTCTCTGGAGGCCTTTCTAGCTCGAGCTAGAAAGGCCTCCAGAGAGG
-3’) oligos were purchased and cloned into pLKO.1 vector. Specifically, 5uL of forward oligo
and 5pL of reverse oligo were mixed with 5pL 10X NEB Buffer 2 (New England Biolab) and
35uL RNAse free water. To anneal the oligos, the 50uL mixture was incubated in a PCR
machine for 5 min at 95 °C, 5 min at 90 °C, 5 min at 85 °C, 5 min at 80 °C, 5 min at 75 °C, 5
min at 70 °C, 5 min at 65 °C, 5 min at 60 °C, 5 min at 55 °C, 5 min at 50 °C, 5 min at 45 °C, 5
min at 40 °C, 5 min at 35 °C, 5 min at 30 °C and 5 min at 25 °C. The pLKO.1 plasmid was
digested by Agel and EcoRI. Specifically, 6pg of pLKO.1 vector was mixed with 5uL NEB
buffer cutsmart, 1uL Agel-HF, 1uL EcoRI-HF and RNAse-free water to bring the volume to
50pL. The reaction mixture was incubated at 37 °C overnight before separated by DNA

electrophoresis. The 7kb band was collected and gel purified.

Purified PCR products or annealed oligos were directly ligated into the digested vector in
10 pL ligation reactions containing 1pL T4 DNA ligase (Thermo), 2uL 5X rapid ligation buffer
and 7uL PCR products or annealed oligos. All ligation reactions were incubated at room
temperature for 4 hours before 2 pL of each ligation reaction were transformed into 40 uL DH5a
E. coli cells (Invitrogen) using heat-shock transformation. Specifically, the ligation reaction was
mixed with E. coli cells and incubated on ice for 5 min before heat-shocked at 42 °C for 30s. The
mixture was recovered on ice for 5 min before plated on an LB-Amp plate (100 mg/L ampicillin)

and incubated overnight at 37 °C.
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Recombinant colonies were picked and cultured overnight at 37 °C in 250 mL of LB-

Amp media (100 mg/L ampicillin). Plasmids were then extracted from the cultured cells and
purified using the Macherey-Nagel Midiprep kit (Macherey-Nagel) according to manufacturer’s
directions. Specifically, cultured cells were centrifuged at 6,000 rpm for 5 min before
resuspended in 8mL buffer RES. Resuspended cells were lysed in 8mL blue buffer LYS for 5
min before neutralized in 8mL buffer NEU to make sure the reaction mixture is colorless. The
column was equilibrated using 12mL buffer EQU before the lysates were loaded to the column.
Lysates were washed using 5mL buffer EQU before the filter of the column was discarded. The
plasmid bound to the column was washed using 8mL buffer WASH before eluted into 5mL
isopropanol (Sigma) by 7mL buffer ELU. Eluted solutions containing the recombinant plasmids
were centrifuged at 2,000 x g for 20 min before the supernatants were discarded. Pellets were
washed using 1mL 70% ethanol before air-dried and dissolved using 200uL RNAse-free water.
The concentration of plasmids was measured using Nano-drop machine and recombinant
plasmids containing inserts were sequenced at the Northwestern Core Sequencing Facility using

the 5° M13-For 21 and 3° M13-Rev 24 primers.

Virus production, plasmids, short hairpin RNA constructs, and site direct mutagenesis

To generate lenti-virus for in vitro infection, HEK-293T cells were transfected with 5ug
DNA, 5ug psPAX2 packaging plasmid, and 500ng VSV.G envelope plasmid. Viral supernatant
was collected 48 hrs later after filtered through a 0.45um filter (Corning). pLKO.1 human SIRT3
shRNA was purchased from OpenBiosystem, and mice SIRT3 CRISPR plasmids were purchased
from System Biosciences. pLKO.1 human IDH2 shRNA oligos were cloned into the pLKO.1

vector (Addgene). pLKO.1-Luc was used as a control. The human IDH2 expression vector,
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PCDNAS3-Flag-IDH2, was used as the IDH2 wild-type (WT) plasmid and for mutagenesis.

Lysine 413 in wild-type IDH2 was converted to Arginine (R: deacetyl mimic) or Glutamine (Q:
acetyl mimic) by site-directed mutagenesis (Bioinnovatise). The lenti-viral IDH2 expression
vector was generated by standard PCR amplification into two PCDH-CMV vectors (Lentiviral
vector, System Biosciences). MCF7 and NIH3T3 cells were infected with 5 MOI of lenti-virus
and selected with DMEM containing 2 pg/mL puromycin (Invitrogen) for 14 days or 100 ug/mL
G418 sulfate (Invitrogen). After a two-week selection period, cells were grown in normal

DMEM with 10% FBS.

To concentrate viral supernatant, a final concentration of 8.5% PEG-6000 (Sigma) and
150mM NacCl solution were added to the viral supernatant and incubated at 4 °C for 48 hr before
the mixture was centrifuged at 3,000 x g for 20 min. The supernatant was discarded before the

pellets were resuspended using ImL DMEM medium containing 10% FBS.

Immunoblotting

Cells and tissues were washed with cold 1X PBS, harvested and lysed for 30 min on ice
in IP buffer (25 mM Tris-HCI pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.1% NP-40, 5% glycerol)
with protease inhibitors (BioTool) and TSA (Trichostatin A, Sigma). Protein lysates were
quantified with Bradford assay (BioRad) and immunoblotted using the following antibodies:
SIRT3 (Cell signaling), IDH2 (Proteintech), IDH2-K413-Ac (Tao et al., 2010), actin (Sigma)
and GAPDH (Millipore). For IDH2 dimerization assay, cells were lysed on ice in IP buffer for
30 minutes and treated with 0.05% glutaldehyde for 10 min at room temperature and

immunoblotted with IDH2 antibody. For Native-PAGE immunoblotting, different isoforms of
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IDH2 were first transfected into HEK-293T cells. Proteins were collected 48 hr later and lysed

protein samples were incubated with flag-tagged beads (Sigma) on a rotary overnight before
washed three times with IP buffer and one time with PBS. Washed samples were incubated with
1X flag peptide (Sigma) on a rotary for 1 hr before the lysates were concentrated using a

centrifugal unit (Millipore).

Total glutathione level measurement

One million cells were counted before lysed in 1.34mM Diethylenetriaminepenta-acetic
acid (DETAPAC, Sigma) dissolved in 143 mM sodium phosphate (Sigma) and 6.3 mM EDTA
(Sigma), and 5% 5-sulfosalicylic acid (SSA, Sigma) were added to the sample lysate. 50 pL of
lysate were mixed with 700 uL. 0.298 mM NADPH (Sigma) dissolved in sodium phosphate
buffer, 100 uL 6mM 5,5’-dithio-bis-2-nitrobenzoic acid (DTNB, Sigma) dissolved in sodium
phosphate buffer, 100 uL. water (Corning) and 50 pL 0.023 U/uL glutathione reductase (GR)
dissolved in water (Sigma). The kinetic absorbance was read at 412 nm every 15 s for 2.5 min
using xMark™ Microplate Absorbance Spectrophotometer (BioRad), and the rates were
compared to a standard curve. For tumor samples, tumors were chopped and lysed in DETAPAC
buffer before assays were conducted. Protein concentrations of tumor samples were measured for

standardization of total glutathione levels.

Determination of intracellular superoxide levels using MitoSox oxidation
Steady-state levels of mitochondrial O™ were estimated using the oxidation of a
fluorescent dye, dihydroethidium (DHE), purchased from Life Technologies. Cells were

trypsinized, washed and then labeled in 5 mM pyruvate containing 1X PBS with MitoSox Red (2
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uM, in 0.1% DMSO) for 20 min at 37°C. After labeling, cells were kept on ice. Samples were

analyzed using a Fortessa flow cytometer (Becton Dickinson Immunocytometry System, Inc.,
Mountain View, California; excitation 488 nm, emission 585, 25 nm band-pass filter). The mean
fluorescence intensity (MFI) of 10,000 cells was analyzed in each sample and corrected for

autofluorescence from unlabeled cells. The MFI data were normalized to control levels.

Clonogenic cell proliferation and survival colony assay analysis

For the clonogenic proliferation analysis, 50 MCF7-shIDH2-IDH2WT, MCF7-shIDH2-
IDH2K43R " or MCF7-shIDH2-IDH2K43Q ' 50 NIH3T3-PCDH, NIH3T3-Ras®?P, NIH3T3-
IDH2X413R 'NIH3T3-1IDH2K43Q, 100 Sirt3”- mammary tumor cells (MMT)-PCDH, Sirt3”- MMT-
IDH2K43R ~ or Sirt3” MMT-IDH2X43Q and 250 MCF7-shSIRT3-PCDH, MCF7-shSIRT3-
IDH2K43R  or MCF7-shSIRT3-IDH2K413Q cells were seeded onto a 6-well plate. In addition, 250
MCF7 cells were incubated with solvent control (water), 1ImM isocitrate (Sigma) or 2mM
isocitrate and seeded onto a 6-well plate. For clonogenic survival analysis, 250 MCF7-shIDH2-
IDH2K43Q cells were incubated with solvent control (DMSO), 5mM dimethyl-alpha-
ketoglutarate (DKG, Sigma) or 10mM DKG and seeded onto a 6-well plate. After 14 days,

colonies were stained with crystal violet and counted with a Zeiss Stemi dissecting microscope.

Soft agar colony formation assay analysis

Ten thousand NIH3T3 cells permanently infected with different virus combinations were
plated on 0.3% agar in growth medium over 0.6% base agar foundation layer in growth medium.
After 21 days, the colonies were visualized under a 20X microscope (Zeiss) and images were

acquired.
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Immunofluorescence sample preparation and image acquisition

Sirt3” MMT cells seeded on glass coverslips were fixed in 4% paraformaldehyde and
then blocked with 1% bovine serum albumin (BSA) and 10% normal goat serum in 1x PBS.
Cells were incubated with anti-Ki67 (c-bioscience) antibody in 1X PBS followed by incubation
with goat-rabbit 1gG conjugated with Alexa Fluor 647 (Invitrogen) in 1X PBS with 5% goat
serum. Cells were washed in 1X PBS, mounted, and imaged with a fluorescence microscope.
Fluorescence images were captured using a laser scanning confocal microscope (Nikon A1R).
The paired images in all the figures were collected at the same gain and offset settings. Post-
collection processing was applied uniformly to all paired images. The images were either
presented as a single optic layer after acquisition in z-series stack scans from individual fields or

displayed as maximum intensity projections to represent confocal stacks.

Oxygen consumption rate (OCR) and extracellular acidification rate analysis (ECAR)

For OCR analysis, 25,000 MCF7 cells were seeded on a XF-24 microplate (Seahorse
Biosciences) and incubated with DMEM containing 10% FBS overnight. 2.5 uM oligomycin A
(ATP synthase inhibitor, Sigma), 10 uM carbonyl cyanide m-chlorophenyl hydrazone (CCCP,
mitochondrial uncoupler, Sigma), and 2 pM antimycin/rotenone (complex I/111 inhibitors, Sigma)
were sequentially added into different ports of the same Seahorse cartridge. Each analysis was
replicated seven times, and the results were corrected for antimycin and rotenone. For ECAR
analysis, 25,000 MCF7 cells were seeded on a XF-24 microplate (Seahorse Biosciences) and
incubated with DMEM containing 10% FBS. Thirty minutes before ECAR measurement, the

medium was switched to DMEM without bicarbonate containing 0.5% FBS (pH=7.5). Twenty-
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five mM glucose (Corning), 2.5 uM oligomycin A and 50 mM 2-deoxyglucose (2-DG, Sigma)

were sequentially added into different ports of the same Seahorse cartridge. Each analysis was

replicated seven times, and the results were corrected for 2DG.

Xenograft in vivo tumorigenesis analysis

Five million MCF7 cells expressing WT, IDH2K43R and IDH2K43Q were injected into
Foxnl™ athymic nude mice (The Jackson Laboratory) that were six weeks old. The sizes of
tumors were examined using a Vernier caliper every two to three days, and the volumes were
calculated using V=1/2*W?*L (Tomayko and Reynolds, 1989). When the sizes of tumors
reached an average of 1000 mm?®, the mice were sacrificed, the tumors were collected, weighed

and the levels of total glutathione were measured.

Immunohistochemistry staining and analysis

Breast cancer tissue array slides (Biomax) were immersed twice with 100% xylene
(Sigma) for five minutes and 100% ethanol (Sigma) for five minutes each. Then the slides were
sequentially immersed with 95%, 80% and 50% ethanol for five minutes each before immersed
in H20 and fixed in a mixture of 95 mL 95% ethanol and 5 mL 37% formaldehyde for 2 minutes.
Slides were then treated in 1% Triton X-100 in 1X PBS (Corning) for 20 minutes, washed three
times with 1X PBS for five minutes, and quenched in 0.3% H.O> in 1X PBS for 20 minutes.
Slides were blocked with 10% donkey serum (Sigma), 1% BSA (Sigma) and 0.3% Triton X-100
(Sigma) in 1X PBS for two hours before treatment with IDH2-K413-Ac (Tao et al., 2010) and
SIRT3 (Avias System Biology) antibodies diluted in 1% donkey serum, 1% BSA and 0.3%

Triton X-100 in 1X PBS (antibody solution) for 48 hours at 4 °C. After treatment of the primary



39
antibody, the slides were incubated at room temperature for one hour before being washed three

times with 1X PBS for five minutes each. Rabbit secondary antibody (Sigma) in antibody
solution was diluted 200X in antibody solution for one hour before being washed three times
with 1X PBS for five minutes each. The slides were treated with VECTASTAIN ABC kit
(Vector Laboratories) to detect avidin/biotinylated enzyme complexes for 45 minutes following
manufacture’s protocol. Slides were treated with DAB peroxidase substrate kit (\Vector
Laboratories) for approximately 15 minutes following manufacturer’s protocol and stained in
hematoxylin (Sigma) for 10 minutes and destained using acid ethanol (100 mL 70% ethanol and
1 mL 37% hydrochloric acid) before dehydration, a reverse protocol of dewaxing. The intensities

were quantified using HistoQuest software (Tissuegnostics).

Statistical analysis
Ordinary one-way ANOVAs, two-tailed unpaired t-tests and correlation analysis were

conducted using Prism 6. The statistical significance was reported when p < 0.05.
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Chapter 3: Results related to IDH2 acetylation at lysine 413

Ch 3.1: Acetylation of IDH2 at lysine 413 affects IDH2 dimerization in vitro and in vivo
Loss of Sirt3 affects IDH2 acetylation at lysine 413 and IDH2 activity in mice

It has been previously shown that loss of Sirt3 results in IDH2-K413-Ac and decreases
IDH2 activity (Yu et al., 2012). To confirm that SIRT3 plays a role in IDH2 enzymatic activity
through IDH2 deacetylation in mice, liver samples from Sirt3 wild-type (Sirt3**) and Sirt3
knock-out (Sirt3”) mice were collected and the levels of total IDH2, IHD2-K413-Ac, and IDH2
dimerization were determined. While no significant difference in the total amount of IDH2 was
observed, loss of Sirt3 increases in vivo IHD2-K413-Ac (Fig. 1a, b). In addition, after the liver
lysates were cross-linked with glutaldehyde and run on an SDS-PAGE gel, we found that loss of
Sirt3 decreased the levels of dimerized IDH2 (Fig. la, c). To test mitochondrial NADP™-
dependent IDH2 activity in mice, five wild-type and Sirt3” mice livers were fractionated, and
IDH2 activity was measured. A significant decrease in IDH2 activity was detected (Fig. 1d) in
the mitochondria extracts from the livers of mice lacking Sirt3, suggesting that loss of Sirt3
decreases IDH2 activity in vivo. The results of these experiments suggest that loss of Sirt3
increased IDH2-K413-Ac, decreased IDH2 dimerization, as well as decreased IDH2 enzymatic

activity.

Loss of SIRT3 directs IDH2 acetylation at lysine 413 and IDH2 dimerization in cancer cells
To extend these results to an in vitro model system, MCF7 breast cancer cells infected

with a lenti-shRNA vector targeting the human SIRT3 transcript were used. These experiments

showed that MCF7 cells infected with lenti-shSIRT3 (MCF7-shSIRT3 cells) to knock-down

SIRT3, as compared with control, MCF7-shctrl cells, exhibited an increase in IDH2-K413-Ac as
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well as a decrease in the levels of the IDH2 dimerization complex (Fig. 2a). We also collected

the mitochondrial lysates from both control and MCF7-shSIRT3 cells, and a significant two-fold

decrease of IDH2 activity was observed (Fig. 2b).

IDH2 lysine 413 acetyl mimetic decreases IDH2 dimerization and activity in cancer cells

To examine if IDH2-K413-Ac status directs enzymatic activity and dimerization, a series
of IDH2-K413 site-directed mutants were constructed. In this regard, it has previously been
shown that substitution of a lysine with a glutamine (K413Q) mimics the acetylated lysine state,
while substitution with an arginine (K413R) mimics deacetylation. Thus, mutating lysine IHD2-
K413 to arginine would be predicted to mimic a deacetylated lysine, while substitution with a
glutamine would be expected to mimic an acetylated lysine. We transfected flag-tagged wild-
type IDH2, IDH2XR and IDH2K43Q into MCF7 cells. After elution of flag-tagged IDH2
proteins, we ran these samples on a native gel. We found that eluted IDH2X43Q proteins
displayed a decreased IDH2 dimerization (Fig. 3a). We confirmed our result using HEK-293T
cells, as expression of IDH2K**Q showed decreased IDH2 dimerization as well (Fig. 3b).
Furthermore, expression of IDH2K4Q significantly decreased mitochondrial IDH2 activity
compared to cells expressing wild-type or IDH2K43R (Fig. 3c). These experiments suggest that
the acetylation status of IDH2, as well as the ability of IDH2 to form a dimerization complex,

directs enzymatic activity in MCF7 cancer cells and HEK-293T cells.
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Figure 1. Loss of SIRT3 increases IDH2 acetylation at lysine 413, decreases IDH2

dimerization, and its activity in mice. (a) Wild-type and Sirt3-/- mice livers were harvested and
lysates were SDS-PAGE gel separated and subsequently immunoblotted with anti-acetyl
IDH2K413 and anti-IDH2 antibodies. For IDH2 dimerization immunoblots, liver lysates were
treated with 0.05% glutaldehyde for 10 min before lysates were separated on an SDS-PAGE gel,
and immunoblotted with anti-IDH2 antibody. (b-c) The intensity of IDH2 acetylation and IDH2
dimerization were quantified using ImageJ software, and the results were normalized to Sirt3**
liver samples (n=5). (d) Wild-type and Sirt3” livers were harvested, the mitochondrial extracts
(n=5) were collected, and mitochondrial NADP+-dependent IDH2 activity was measured (as
described in the methods section). Representative images are shown. Results of this figure come
from at least three separate experiments, and error bars represent one standard error mean. *

indicates p<0.05 and ** indicates p<0.01 by two-tailed unpaired t test using Prism 6.0.
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Figure 2. Loss of SIRT3 increases IDH2 acetylation at lysine 413, decreases IDH2

dimerization, and its activity in cancer cells. (a) MCF7 human breast cancer cells were
infected with either a control lentivirus (shctrl) or a short hairpin SIRT3 knockdown virus
(shSIRT3) to create MCF7-shctrl or MCF7-shSIRT3 cells. Cell lysates were immunoblotted with
anti-IHD2-K413-Ac, IDH2, SIRT3 and actin antibodies. IDH2 dimerization gels were performed
as described above. (b) MCF7-shSIRT3 or MCF7-shctrl cell mitochondrial extracts (n=3) were
collected and NADP*-dependent IDH2 activity was measured. Representative images are shown.
Results of this figure come from at least three separate experiments, and error bars represent one
standard error mean. * indicates p<0.05 and ** indicates p<0.01 by two-tailed unpaired t test

using Prism 6.0.
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Figure 3. Expression of IDH2K43Q in MCF7 breast cancer cells and HEK-293T cells

decreases IHD2 dimerization.

(a-b) MCF7 and HEK-293T cells were transfected with flag-tagged IDH2WT, IDH2K413R (de-
acetyl mimetic), or IDH2K43Q (acetyl mimetic). Forty-eight hours after transfection, cells were
lysed using lysis buffer before flag-tagged proteins were eluted and separated on a native-PAGE
gel with G-250 additive and immunoblotted with anti-IDH2 antibody. (c) MCF7-shIDH2-
IDH2WT, MCF7-shIDH2-IDH2K413R " or MCF7-shIDH2-IDH2K413R cells (n=3) were measured for
NADP+-dependent IDH2 activity. Representative images are shown. Results of this figure come
from at least three separate experiments, and error bars represent one standard error mean. *

indicates p<0.05 and ** indicates p<0.01 by two-tailed unpaired t test using Prism 6.0.
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Ch 3.2: Acetylation of IDH2 at lysine 413 affects mitochondrial metabolism

The IDH2X4 acetylation mimetic impairs mitochondrial respiration and cancer cell
metabolism

Our results clearly show that the acetylation status of IDH2 changes IDH2 enzymatic
activity, and the dysregulation of this key enzyme in the Krebs Cycle likely disrupts metabolic
pathways as well as results in a metabolite imbalance. Thus, cells expressing the IDH2 acetyl
mimetic should disrupt Krebs Cycle, oxidative phosphorylation, as well as mitochondrial
metabolism. To examine how expression of the IDH2-K413 site directed mutant alters cellular
metabolism, the cell lines used above were measured for mitochondrial function. In this regard, it
is shown that MCF7-shIDH2 cells expressing IDH2K43Q (MCF7-shIDH2-IDH2K413) exhibited a
significant decrease in ATP turnover (Fig. 4a), basal respiration (Fig. 4b), mitochondrial
respiration capacity (Fig. 4c), and proton leak (Fig. 4d), as compared with MCF7-shIDH2-
IDH2WT and MCF7-shIDH2-IDH2K413R cells, suggesting that the acetylation status IDH2-K413

alters breast cancer cell mitochondrial metabolism.

IDH2K413 acetylation mimetic directs glycolysis

In contrast to cells with active IDH2, cells with inactive IDH2 should rely on specific
compensatory mechanisms responding to the dysregulation of dysregulated Krebs Cycle and
oxidative phosphorylation. Thus, it is proposed that the accumulation of metabolites upstream of
IDH2 and Krebs Cycle in cancer cells expressing IDH2 acetyl mimetic may preferentially
reprogram to preferentially use glucose for glycolytic metabolism. Since the enforced expression
of the IHD2-K413-Ac mutant alters metabolism, it seemed reasonable to determine any potential

changes in glycolysis and/or mitochondrial redox balance (Tao et al., 2014). In this regard, we
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found that MCF7-shIDH2-IDH2K413Q cells displayed an increase in glycolysis (Fig. 5a), while

MCF7-shIDH2-IDH2X413R cells showed a decrease in glycolytic capacity (Fig. 5b), suggesting

that acetyl mimetic of IDH2K*'3 directs glycolysis activity.

Metabolic mimetics of IDH2 activity affects tumor cell metabolism

To analyze if the addition of a-KG and/or isocitrate, mimicking IDH2 activity
increase/decrease, alters cancer cell metabolism, mitochondrial respiration and cellular glycolytic
rate was measured. In this regard, the addition of a-KG increased mitochondrial respiration
capacity (Fig. 6a); in contrast, the addition of isocitrate increased glycolysis (Fig. 6b). These
data suggest that metabolites that mimics IDH2 activity switch could affect tumor cell

metabolism.
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Figure. 4 Acetyl mimetic of IDH2 at lysine 413 affects mitochondrial energy metabolism.

MCF7-shIDH2-IDH2WT, MCF7-shIDH2-IDH2K43R or MCF7-shIDH2-IDH2X413Q cells (n=7)
were measured for (a) ATP turnover, (b) mitochondrial basal respiration, (c) mitochondrial
respiration capacity, and (d) proton leak. Fifty thousand cells were plated on a 24-well XF24 cell
culture microplate overnight. Oligomycin, carbony cyanide m-chlorophenyl hydrazine (CCCP),
and antimycin/rotenone mixture were sequentially added to measure oxygen consumption rates
(OCR) in the XF24 analyzer from Seahorse Bioscience (n=7). The ATP turnover rate was
determined by the difference between the starting OCR and the OCR after adding oligomycin.
The basal respiration rate was determined by the difference between the starting OCR and the
OCR after adding antimycin /rotenone mixture. The maximal respiration rate was determined by
the difference between the OCR after adding CCCP and the OCR after adding
antimycin/rotenone. The proton leak rate was determined by the difference between the OCR
after adding oligomycin and the OCR after adding antimycin/rotenone mixture. Results of this
figure come from seven separate experiments, and error bars represent one standard error mean.
* indicates p<0.05 and ** indicates p<0.01 comparing to WT by two-tailed unpaired t-test using

Prism 6.0.
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Figure. 5 MCF7 breast cancer cells expressing the acetylation mimic mutants exhibit

altered glycolytic metabolism.

MCF7-shIDH2-IDH2WT MCF7-shIDH2-IDH2K43R or MCF7-shIDH2-IDH2K43R cells (50,000
cells) were plated on a 24-well XF24 cell culture microplate overnight. (a-b) Glucose,
oligomycin and 2-deoxyglucose (2-DG) were sequentially added to measure extracellular
acidification rates (ECAR) in the XF24 analyzer from Seahorse Bioscience (n=7). Glycolysis
ECAR rate was determined by the difference between the ECAR after adding glucose and the
ECAR after adding 2-DG. Glycolytic capacity was determined by the difference between the

ECAR after adding oligomycin and the ECAR after adding 2-DG.
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Figure 6. Addition of metabolites that mimics IDH2 activity switch affects cancer cell

metabolism.

(A) MCF7-shIDH2-IDH2K43Q cells grown with solvent control or with ImM o-KG were plated
on a 24-well XF24 cell culture microplate overnight. Oligomycin, carbony cyanide m-
chlorophenyl hydrazine (CCCP), and antimycin/rotenone mixture were sequentially added to
measure oxygen consumption rates (OCR) in the XF24 analyzer from Seahorse Bioscience
(n=5). The basal respiration rate was determined by the difference between the starting OCR and
the OCR after adding antimycin /rotenone mixture. The ATP turnover rate was determined by
the difference between the starting OCR and the OCR after adding oligomycin. The maximal
respiration rate was determined by the difference between the OCR after adding CCCP and the
OCR after adding antimycin/rotenone. The proton leak rate was determined by the difference
between the OCR after adding oligomycin and the OCR after adding antimycin/rotenone
mixture. (B) MCF7 cells grown with solvent control or with 2mM isocitrate (50,000 cells) were
plated on a 24-well XF24 cell culture microplate overnight. Glucose, oligomycin and 2-
deoxyglucose (2-DG) were sequentially added to measure extracellular acidification rates
(ECAR) in the XF24 analyzer from Seahorse Bioscience (n=5). Glycolysis ECAR rate was
determined by the difference between the ECAR after adding glucose and the ECAR after adding
2-DG. Glycolytic capacity was determined by the difference between the ECAR after adding
oligomycin and the ECAR after adding 2-DG. Results of this figure come from at least three
separate experiments, and error bars represent one standard error mean. * indicates p<0.05, and

** indicates p<0.01 comparing to CTRL by two-tailed unpaired t-test using Prism 6.0.
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Ch 3.3 IDH2 acetyl mimetic results in dysregulation of mitochondrial detoxification

IDH2KX413 gcetylation mimetic impairs mitochondrial detoxification and increases ROS levels
in vitro

To directly examine whether the IHD2-K413-Ac directs mitochondrial redox balance in
vitro, MCF7-shIDH2 cells were used to determine the levels of glutathione, a critical reducing
equivalent of regulating redox balance in MCF7 cells. MCF7-shIDH2-IDH2KX43Q cells displayed
a decrease in total glutathione levels while in contrast; MCF7-shIDH2-IDH2X43R cells showed
an increase in total glutathione, as compared with wild-type MCF7-shIDH2-IDH2VT cells (Fig.
7a). In addition, MCF7-shIDH2-IDH2X413Q cells have increased ROS levels, as compared with

control cells, as determined by MitoSOX™ fluorescence (Fig. 7b).

IDH2X413 acetylation mimetic decreased total glutathione production in vivo

To examine if the acetylation status of IDH2-K413 altered mitochondrial detoxification
of ROS in vivo, MCF7-shIDH2-IDH2WT, MCF7-shIDH2-IDH2X43R and MCF7-shIDH2-
IDH2K413Q cells were injected into immunodeficient mice. The examination of the total
glutathione levels showed that the expression of IDH2K*3Q in xenograft tumors displayed
significantly decreased total glutathione levels, as compared with tumors expressing either the

wild-type IDH2 or IDH2X43R (Fig. 7¢).

MitoTEMPO partially reversed the tumor permissive phenotypes in cells expressing IDH2
acetyl mimetic
To study how the chemical inhibition of ROS production will potentially reverse the

tumor permissive phenotypes, we added mitoTEMPO to the MCF7-shIDH2-IDH2K43Q cells,
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and we found a significant decrease of clonogenic survival when grown with 25uM or 50uM

mitoTEMPO (Fig. 8a, b). These results suggest that the chemical removal of mitochondrial ROS

in these cells decreased colony formation, similar to cells expressing lenti- IDH2K413R,
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Figure 7. Acetyl IDH2 mimetic increases mitochondrial ROS levels and decreases

detoxification in vitro and in vivo

(@) One million MCF7-shIDH2-IDH2WT, MCF7-shIDH2-IDH2X*3R - or MCF7-shIDH2-
IDH2K43Q cells were collected and lysed before their GSH levels were measured (n=4). (b)
These three cell lines were measured for mitochondrial superoxide levels in MCF7 cells as
determined by MitoSOX™ fluorescence. MCF7 cells were transfected with IDH2WT, IDH2K413R
and IDH2K43Q plasmids for 48 hrs. Transfected cells were trypsinized and resuspended before
MitoSOX™ (2 uM) was added to the cells and incubated for 30 min at 37 °C. The fluorescence
was measured via flow cytometry (n=3). (c) Tumors from the immunodeficient mice injected
with MCF7-shIDH2-IDH2WT, MCF7-shIDH2-IDH2X413R - or MCF7-shIDH2-IDH2X413Q cells
were collected and lysed, and GSH levels were measured (n=4). In vitro results are from at least
three experiments, and in vivo from four mice per group. Error bars represent one standard error
mean. * indicates p<0.05 and ** indicates p<0.01 comparing to WT by two-tailed unpaired t-test

using Prism 6.0.
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Figure 8. Decreased production of ROS by mitoTEMPO decreased clonogenic survival of

MCF7-shIDH2-IDH2K413Q cells in vitro.

(A) MCF7-shIDH2-IDH2X43Q cells were grown with control solvent, 25uM or 50uM
mitoTEMPO. Forty-eight hours later, 250 MCF7-shIDH2-1IDH2%43Q cells were seeded on a 6-
well plate with or without mitoTEMPO in the medium, and 14 days later, the colonies were
stained with crystal violet, and the colonies were counted under a Zeiss Stemi DV4 dissecting

microscope. (B) Quantification of colony numbers under a stereoscope (n=3).
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Ch 3.4 IDH2 acetyl mimetic results in tumor permissive phenotypes in vitro and in vivo

Expression of IDH2 mimetic increases clonogenic growth

We have previously shown that loss of Sirt3 promotes tumor permissive phenotypes, in
vitro and in vivo, suggesting that SIRT3 can function as a tumor suppressor (TS) protein.
Therefore, we hypothesized that acetylation of IDH2 at lysine 413, which would be observed
with either deletion of Sirt3 or due to a decrease in enzymatic activity that should occur with
increased age, might play a role, at least in some part, in this tumor permissive phenotype. In this
regard, MCF7-shIDH2-IDH2X413Q cells formed more colonies when grown at low density, as
compared with MCF7 cells expressing wild-type IDH2 (MCF7-shIDH2-IDH2VT) (Fig. 9a, b). In
addition, when IDH2K43Q was expressed in NIH3T3 cells, a type of cells that have already been
transformed, the clonogenic proliferation looked very similar to cells expressing oncogenic
Ras®!?P (Fig. 10), suggesting that expression of IDH2K41Q increases clonogenic growth and

proliferation in vitro.

Expression of IDH2 deacetyl mimetic partially reverses clonogenic growth and proliferation
properties

To observe whether IDH2 deacetyl mimetic (IDH2X3R) would partially reverse the
tumor permissive phenotypes in vitro, IDH2K*3R and IDH2X43Q were infected in MCF7-
shSIRT3 cells. Fewer colonies were observed in the MCF7-shSIRT3-1IDH2K413R cells compared
to MCF7-shSIRT3-CTRL and MCF7-shSIRT3-IDH2%41*Q cells (Fig. 11a, b). In addition, Sirt3”
MMTs were used to examine whether expression of IDH2X43Rwould partially reverse the tumor
proliferation and proliferative properties in vitro. Expression of IDH2X413R not only decreased

clonogenic growth in vitro (Fig. 12), but also decreased the Ki67 ratio (Fig. 13a, b), a
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proliferative index that is used to measure tumor cell proliferative properties in pathological

studies. Together, these data suggest that re-expression of active, de-acetylated IDH2 mimetic

gene can, at least in some part, reverse the in vitro tumor permissive phenotypes.

Expression of IDH2K413Q functions similarly as an oncogene

Based on the results above, it seemed reasonable to determine if enforced expression of
IDH2K43R (de-Ac-mimic) and/or IDH2K43Q (Ac-mimic) would alter the transformative properties of
immortalized NIH3T3 cells infected with virus expressing Myc or oncogenic Ras (Ras®!?P) (Land et
al., 1986; Land et al., 1983). When we examined NIH3T3 cell growth in soft agar, we found that

G12D

cells expressing Myc and/or oncogenic Ras were transformed, as they were able to form

colonies in soft agar. Surprisingly, simultaneous expression of IDH2K*3R with Myc or Ras®!?P
significantly decreased the sizes of colonies, or even abolished colony formation in soft agar. In
contrast, simultaneous expression of IDH2K413Q with Myc or Ras®*?P significantly increased the

size of colonies that grew in soft agar, suggesting the invasiveness and transformative properties

of NIH3T3 cells expressing IDH2K413Q and Myc/Ras®*?P (Fig. 14a, b).

Metabolic mimetics of IDH2 activity affects clonogenic survival and growth

To determine if adding dimethyl-alpha-KG, mimicing an increase in IDH2 activity, and
adding isocitrate, mimicing a decrease in IDH2 activity, may affect in vitro phenotypes, we
analyzed clonogenic survival and growth of MCF7-shIDH2-IDH2X413Q and MCF7 cells when
treated with cell-permeable dimethyl-alpha-ketoglutarate (a-KG), a metabolite that mimics an
increase of IDH2 activity and isocitrate, a metabolic that mimics a decrease of IDH2 activity.

These experiments showed that MCF7-shIDH2-IDH2K413Q cells grown in o-KG exhibited a
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significant decrease in clonogenic survival, as compared to controls (Fig. 15a, b). In contrast,

MCEF7 cells grown in isocitrate exhibited an increase in clonogenic growth (Fig. 16a, b). These
results suggest that low IDH2 activity promotes tumor aggressiveness, whereas high IDH2

activity partially reverses the proliferative phenotypes.

Injection of MCF7 cells expressing acetyl mimetic of IDH2 increases tumor growth in vivo
MCF7-shIDH2-IDH2K43Q M CF7-shIDH2-IDH2K43R and MCF7-shIDH2-IDH2WT cells
were subsequently injected into immunodeficient mice and examined for tumor growth /
proliferation, as measured by tumor size and weight (Table 1). When the tumors were harvested,
the sizes and the weight of the tumors expressing IDH2K**Q were significantly larger and
heavier than the tumors expressing wild-type IDH2 and IDH2X*3R (Fig. 17, 18). Finally, the
tumors expressing IDH2X43Q grew faster than the tumors expressing wild-type IDH2 and

IDH2K413R when the tumor volumes were examined (Fig. 19).



Table 1. Xenograft tumor number, weight, and size

Group Number Mice with Ave tumor  Ave tumor
i.e., gene of mice tumors weight (g)  size (mm?)
Wild-type 5 4 0.14 243
K413R 5 4 0.16 263
K413Q 5 5 0.52 908

65
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Figure 9. Expression of IDH2K43Q promotes a transformation permissive phenotype in

MCEFT7 cells.

(a) Fifty MCF7-shIDH2-IDH2WT, MCF7-shIDH2-IDH2X413R or MCF7-shIDH2-IDH2K413 cells
were plated on a 6-well cell culture plate for 14 days before the colonies formed were stained
using crystal violet. (b) Quantification of colony numbers under a stereoscope (n=4). Results of
this figure come from three separate experiments, and error bars represent one standard error
mean. * indicates p<0.05 and ** indicates p<0.01 comparing to WT by two-tailed unpaired t-test

using Prism 6.0.
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Figure 10. Expression of IDH2K43Q promotes a transformation permissive phenotype in

NIH3T3 cells.

One hundred NIH3T3, NIH3T3-IDH2X43R or NIH3T3-1DH2X413Q cells were plated on a 6-well
cell culture plate for 14 days before the colonies formed were stained using crystal violet (n=4).
Results of this figure come from three separate experiments, and error bars represent one
standard error mean. * indicates p<0.05 and ** indicates p<0.01 comparing to CTRL by two-

tailed unpaired t-test using Prism 6.0.
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Figure 11. Expression of IDH2K43R partially reverses a transformation permissive
g p

phenotype in MCF7 cells.

(A) Two hundred and fifty MCF7-shSIRT3-PCDH, MCF7-shSIRT3-IDH2X3R and MCF7-
ShSIRT3-IDH2K43Q cells were plated on a 6-well cell culture plate for 14 days before the
colonies formed and were stained using crystal violet. (B) Quantification of colony numbers
under a stereoscope (n=4). Results of this figure come from three separate experiments, and error
bars represent one standard error mean. * indicates p<0.05 and ** indicates p<0.01 comparing to

PCDH control by two-tailed unpaired t-test using Prism 6.0.
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Figure 12. Expression of IDH2X43R partially reverses a transformation permissive

phenotype in Sirt3”- MMT cells.

One hundred Sirt3” MMT, Sirt3”" MMT-IDH2K**R and Sirt3”- MMT-IDH2K43C cells were
plated on a 6-well cell culture plate for 14 days before the colonies formed and were stained
using crystal violet (n=4). Results of this figure come from three separate experiments, and error
bars represent one standard error mean. * indicates p<0.05 and ** indicates p<0.01 comparing to

PCDH control by two-tailed unpaired t-test using Prism 6.0.
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Figure 13. Expression of IDH2X413R decreases the Ki67 proliferative index in Sirt3”- MMT

cells.

(A) Sirt3” MMT, Sirt3” MMT-IDH2K413R and Sirt3”- MMT-IDH2K4*Q cells were plated on a
12-well cell culture plate covered with a glass slide and grown overnight. The next day, cells
were fixed before stained by IDH2, Ki67 antibodies and DAPI control. Images were obtained
using confocal microscopy and representative images were shown. (B) Quantification of Ki67
positive ration in three different images using ImageJ software. Results of this figure come from
three separate experiments, and error bars represent one standard error mean. * indicates p<0.05
and ** indicates p<0.01 comparing to Sirt3”> MMT cells by two-tailed unpaired t-test using

Prism 6.0.
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Figure 14. Co-expression of IDH2X413Q with Myc or oncogenic Ras®?P increases the

invasiveness of NIH3T3 cells in soft agar colony formation assay.

(A) NIH3T3 cells were infected with viruses expressing PCDH control plasmid, IDH2K41R
IDH2K413Q ‘Myc, Myc and IDH2K4®R Myc and IDH2K43Q RasC®1?P| Ras®!2P and IDH2K1*R and
Ras®?P and IDH2K413Q, After selection in puromycin for 14 days, ten thousand cells were plated
on 0.3% agar over 0.6% base agar for 21 days before colonies were observed and images were
acquired. Scale bar: 20um. (B) Quantification of colony sizes (n=4). Results of this figure come
from the average of four separate experiments and error bars represent one standard error mean.

* indicates p<0.05 comparing to the CTRL column by two-tailed student T test using Prism 6.0.
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Figure 15. Exogenous alpha-ketoglutarate alters clonogenic growth and switches cancer

cell metabolism in vitro.

(A) MCF7-shIDH2-IDH2X413Q cells were grown with solvent control (CTRL), with 5mM or
10mM dimethyl-alpha-ketoglutarate (a-KG). Forty-eight hours later, 250 MCF7 cells were
seeded on a 6-well plate with or without a-KG in the medium, and 14 days later, the colonies
were stained with crystal violet and counted under a Zeiss Stemi DV4 dissecting microscope. (B)

Quantification of colony numbers under a stereoscope (n=3).
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Figure. 16 Exogenous alpha-ketoglutarate or isocitrate alters clonogenic growth and

switches cancer cell metabolism in vitro

(A) Wild-type MCF7 cells were grown with solvent control, with ImM or 2mM isocitrate. Forty-
eight hours later, 100 MCF7 cells were seeded on a 6-well plate with or without isocitrate in the
medium, and 14 days later, the colonies were stained with crystal violet and counted under a
Zeiss Stemi DV4 dissecting microscope. (B) Quantification of colony numbers under a

stereoscope (n=3).
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Figure. 17 Expression of IDH2 acetyl mimetics results in larger tumors in nude mice

The image of all harvested tumors from immunodeficient mice injected with MCF-
shIDH2-IDH2WT, MCF7-shIDH2-1DH2X43R and MCF7-shIDH2-IDH2X413Q cells were presented.
Five million cells were injected into the immunodeficient mice and tumor sizes were measured
starting from day 6 of tumor incidence. Mice were sacrificed when the average of tumor sizes
from mice injected with MCF7-shIDH2-IDH2K43Q reached around 1000mm?3. Tumors were
isolated and tumor sizes were measured under a Vernier caliper. Results of this figure come from
the average of five biological replicates, and error bars represent one standard error mean. *
indicates p<0.05 and ** indicates p<0.01 comparing to WT by two-tailed unpaired t-test using

Prism 6.0.
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Figure. 18 Expression of acetyl mimetics of IDH2 results in heavier tumor formation in

nude mice

Five million MCF7-shIDH2-IDH2WT, MCF7-shIDH2-IDH2KX43R " or MCF7-shIDH2-IDH2K413Q
cells were injected into immunodeficient mice and tumors were harvested and weighed (n=5).
Results of this figure come from the average of five biological replicates, and error bars represent
one standard error mean. * indicates p<0.05 and ** indicates p<0.01 comparing to WT by two-

tailed unpaired t-test using Prism 6.0.
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Figure. 19 Expression of acetyl mimetics of IDH2 results in faster tumor growth in nude

mice

Five million MCF7-shIDH2-IDH2WT, MCF7-shIDH2-IDH2KX43R " or MCF7-shIDH2-IDH2K413Q
cells were injected into immunodeficient mice. Tumor growth was measured using a Vernier
scale and calculated every other day starting from the sixth day of tumor incidence (n=5). Results
of this figure come from the average of five biological replicates, and error bars represent one
standard error mean. * indicates p<0.05 and ** indicates p<0.01 comparing to WT by two-tailed

unpaired t-test using Prism 6.0.
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Ch 3.5 Acetylation of IDH2 correlates with breast cancer malignancy risk

To establish a potential correlative clinical relationship between IDH2 acetylation and
breast cancer risk, we used breast cancer patient tissue array slides consisting of different
subtypes of breast malignancies and examined the levels of IDH2-K413-Ac and SIRT3 by
immunohistochemistry (IHC) using an anti-IDH2-K413-Ac and anti-SIRT3 antibody. We found
that the levels of IDH2-K413-Ac in Luminal B breast patient samples were significantly higher
than Luminal A breast cancer patient samples (Fig. 20). In addition, the levels of SIRT3 in
Luminal B patient samples were significantly lower than Luminal A breast cancer patient
samples (Fig. 21). A representative staining was presented to show the difference of IDH2-
K413-Ac and SIRT3 staining between luminal A and luminal B breast cancer patient samples
(Fig. 22).

Finally, patients with low SIRT3 and high SIRT3 levels were grouped based on their IHC
levels, and we found that the subgroup with lower SIRT3 levels showed higher IDH2 acetylation
levels than the group with higher SIRT3 levels (Fig. 23). These IHC results suggested a negative
correlation between acetylation of IDH2 at lysine 413 (Fig. 24), as a result of a loss and/or

decrease in SIRT3 enzymatic activity and breast cancer malignancy risk (Fig. 25).
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Figure. 20 Luminal B breast cancer patient samples have a higher IDH2X43 staining

A breast cancer tissue array consisted of Luminal A (n=17) and Luminal B (n=38) breast cancer
patient samples, were dewaxed and immunostained with anti-acetyl IDH2X4!® antibody. The
intensity of staining was quantified using HistoQuest software. The shaded boxes represent the
interquartile range; whiskers represent the 10th-90th percentile range; bars represent the median.

* indicates p<0.05 and ** indicates p<0.01 by two-tailed unpaired t-test using Prism 6.0.
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Figure. 21 Luminal B breast cancer patient samples have a lower SIRT3 staining

A breast cancer tissue array consisted of Luminal A (n=17) and Luminal B (n=38) breast cancer
patient samples, were dewaxed and immunostained with anti-SIRT3 antibody. The intensity of
staining was quantified using HistoQuest software. The shaded boxes represent the interquartile
range; whiskers represent the 10th-90th percentile range; bars represent the median. * indicates

p<0.05 and ** indicates p<0.01 by two-tailed unpaired t-test using Prism 6.0.
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Fig. 22 Representative images of Luminal A vs Luminal B breast cancer staining

A representative image of the immunohistochemistry (IHC) slides demonstrating IDH24!3 and
SIRT3 staining in Luminal A and Luminal B breast cancer samples. Luminal A breast cancer
sample has a higher SIRT3 staining than Luminal B breast cancer sample, whereas Luminal B

breast cancer sample has a higher IDH2X413 staining than Luminal A breast cancer sample.
p g
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Figure. 23 The breast cancer samples with lower SIRT3 levels have a higher IDH2X413

staining.

The samples from the IHC slides were separated into low SIRT3 (SIRT3 staining<160, n=30)
and high SIRT3 (SIRT3 staining>160, n=25) groups, and their IDH2K*'3 levels were compared.
The shaded boxes represent the interquartile range; whiskers represent the 10th-90th percentile

range; bars represent the median.
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Figure 24. Acetylation of IDH2 negatively correlate with SIRT3 protein levels in breast

cancer patient samples. Luminal A (n=17) and luminal B (n=38) breast cancer patient samples
were stained with acetyl-IDH2X4!® and SIRT3 antibodies. Results from these samples (n=55)

were used to conduct a correlation analysis using Prism 6.0.
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Figure. 25 Summarized mechanism.

Loss of SIRT3 decreases IDH2 dimerization and activity due to increased acetylation at lysine
413. Decreased IDH2 activity would alter mitochondrial respiration, increase ROS and promote

transformation permissive phenotypes in vitro and in vivo, which correlates with breast cancer

malignancy risk.
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Chapter 4: Results related to MnSOD acetylation at lysine 68

Ch 4.1: MnSOD K68-Ac leads to tamoxifen resistance in breast cancer cells
Acetylation of MnSOD at lysine 68 leads to resistance to tamoxifen in vitro

Our previous studies suggest that there is a subgroup of ER+ luminal B human breast
malignancies exhibiting a loss of SIRT3-MnSOD-Ac axis signaling, which confers a
significantly increased risk of developing resistance to endocrine therapy (Kim et al., 2010).
Thus, there may be a mechanistic link between the SIRT3-MnSOD-Ac axis and the development
of Tam resistance (Razandi et al., 2013). To test this idea, we created MnSOD deacetylation
mimetic (MnSODX®®R) and MnSOD acetylation mimetic at lysine 68 (MnSODK®?), MCF7,
MCF7-MnSODK®R = MCF-MnSODX®® cells were treated with 1 uM Tam for 5 days, and
clonogenic survival assays were performed. These experiments showed that MCF7 cells
constitutively expressing MnSODK®8Q exhibited significant resistance to the cytotoxicity of Tam
exposure (Fig. 26), suggesting a potential link between the acetylation of K68 and a Tam

resistance phenotype.

Tam resistance in vitro results in a loss of SIRT3-MnSOD-Ac signature

Since breast cancer cells expressing MnSODX®8Q exhibited Tam resistance, it is possible
that MCF7 cells selected for resistance to Tam might also display a MnSOD-K68Ac and/or loss
of SIRT3 enzymatic activity signature. As such, MCF7 Tam-resistant cell lines were established
by culturing cells in the presence of 1 uM Tam for three months. Both MCF7-HTR and MCF7
cells exposed to Tam for 120h showed an increase in MnSOD-K68-Ac and other SIRT3
deacetylation protein targets, including MnSOD-K122-Ac, IDH2-K413-Ac, and OSCP-K139-Ac

(Figs. 27 a-b), all of which are a proxy and indirect method to determine SIRT3 activity. All
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these results suggest that the loss of the SIRT3-MnSOD-Ac axis signature could be a marker for

Tam resistance.
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Figure 26. MnSOD-K68-Ac leads to Tam resistance in human breast cancer cells.

MCF7-MnSODWT, MCF7-MnSODX®R  MCF7-MnSODX®? permanent cell lines were treated
with 1 uM of Tam for 24 hours and 100 cells were seeded on a 6-well plate to analyze
clonogenic cell survival. All experiments were done in triplicate. Errors represent = 1 SEM. *p <

0.05, **p < 0.01, and ***p < 0.001.
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Figure 27. Resistance to tamoxifen in human breast cancer cells leads to a loss of SIRT3-

MnSOD-Ac signature.

(A) MCF7-4HTR cell line, which were selected in Tam for 3 months, and (B) MCF7 cells
treated with Tam for 120 hrs were harvested, separated by SDS-PAGE, and immunoblotted with
anti-MnSOD-K68-Ac, MnSOD, SIRT3, MnSOD-K122-Ac, IDH2-K413-Ac, IDH2, OSCP-

K139-Ac, OSCP and actin antibodies.
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Ch 4.2 MnSOD-Ac increases oxidative stress in cells

MnSOD acetyl mimetic increased oxidative stress in cancer cells

It has been shown that acetylation of MnSOD at lysine 68, due to loss of SIRT3
enzymatic activity, decreases MnSOD activity (Chen et al., 2011). Since the primary function of
MnSOD is to detoxify mitochondrial O.", therefore, we measured the mitochondrial
oxidation/reduction status in MCF7 and T47D cells expressing the various MnSOD-Ac mutants.
We found an increase of the GSSG/GSH ratio in cells expressing MnSODX®? a measure of
cellular oxidative stress (Figs. 28 a-b). This suggests that the acetyl mimetic of MnSOD at lysine

68 increased oxidative stress in MCF7 and T47D cancer cells.

Resistance to tamoxifen increased oxidative stress in cancer cells

Since MnSQOD is tightly correlated with mitochondrial metabolism, and Tam exposure
decreases SIRT3 activity, which increases MnSOD-K68-Ac, we also measured the GSSG/GSH
ratio in MCF7 and T47D cells that became resistant to tamoxifen. We found that treatment with
Tam for 120 hrs or Tam resistance increased oxidative stress in MCF7 and T47D cells, a
phenotype similar to cells expressing MnSODK®®® (Fig. 29 a-b). Therefore, inactivation of
MnSOD, due to loss of SIRT3 enzymatic activity, increased oxidative stresses and may

potentially result in tumor permissive phenotypes caused by mitochondrial redox imbalance.
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Figure 28. MnSOD-K68-Ac leads to increased oxidative stress in human breast cells.

(A) MCF7-MnSODWT, MCF7-MnSODK®R and MCF7-MnSODX®? and (B) T47D-MnSODYT,
T47D-MnSODK®8R " and T47D-MnSODX®8Q cells were lysed and the levels of total glutathione
(GSH) and oxidized glutathione (GSSG) were measured. The ratio of GSSG to GSH was
compared between different samples. All experiments were done in triplicate. Errors represent +

1 SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 29. Tamoxifen exposure increases oxidative stress in cancer cells.

(A) MCF7, MCF7 cells selected in Tam for 120 hours, and MCF7-HTR cells and (B) T47D,
TA7D cells selected in Tam for 120 hours, and T47D-HTR cells were harvested and the levels of
total glutathione (GSH) and oxidized glutathione (GSSG) were measured. The ratio of GSSG to
GSH was compared between different samples. All experiments were done in triplicate. Errors

represent + 1 SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Ch 4.3: Acetylation of MnSOD at lysine 68 increased breast cancer malignancy risk

It has been shown that mice lacking Sirt3 develop mammary tumors with luminal B-like
phenotype that are ER™, poorly differentiated, and display high levels of Ki-67 (Desouki et al.,
2014; Kim et al., 2010; Zou et al., 2016). To determine if there is a subgroup of human ER"
tumors that display a loss of SIRT3-MnSOD-Ac axis signature, we analyzed breast cancer
patient tissue array slides consisting of different subtypes of breast malignancies. IHC staining
revealed that MnSOD-K68-Ac levels are significantly higher (Fig. 30) and SIRT3 protein levels
are markedly lower (Fig. 31) in the luminal B, as compared to luminal A tumor samples (Fig.
32). These results suggest that SIRT3-MnSOD-Ac axis signature may be a useful marker to

identify a specific subgroup of women with luminal B breast cancer.
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Figure 30. Luminal B breast cancer exhibited a higher MnSOD-K68-Ac staining by IHC.

A Dbreast cancer tissue array, consisted of Luminal A (n=14) and Luminal B (n=39) breast cancer
patient samples, were dewaxed and immunostained with anti-MnSOD-K68-Ac. The intensity of
staining was quantified using HistoQuest software. The shaded boxes represent the interquartile
range; whiskers represent the 10th-90th percentile range; bars represent the median. *p< 0.05

compared to Luminal A group.
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Figure 31. Luminal B breast cancer exhibited a lower SIRT3 staining by IHC.

A Dbreast cancer tissue array, consisted of Luminal A (n=14) and Luminal B (n=39) breast cancer
patient samples, were dewaxed and immunostained with SIRT3. The intensity of staining was
quantified using HistoQuest software. The shaded boxes represent the interquartile range;
whiskers represent the 10th-90th percentile range; bars represent the median. *p< 0.05 compared

to Luminal A group.
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Fig. 32 Representative images of Luminal A vs Luminal B breast cancer staining

A representative image of the immunohistochemistry (IHC) slides demonstrating MnSOD¥®® and
SIRT3 staining in Luminal A and Luminal B breast cancer samples. Luminal A breast cancer
sample has a higher SIRT3 staining than Luminal B breast cancer sample, whereas Luminal B

breast cancer sample has a higher IDH2X413 staining than Luminal A breast cancer sample.
p g
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Ch 4.4 Acetylation of IDH2 at lysine 413 may be related to MnSOD enzymatic activity

MnSOD consists of four subunits that form a homotetramer, which is stabilized around a
manganese ion (~88 kDa), and importantly, K68 is located directly in the MnSOD tetramer
interface (Borgstahl et al., 1992; Zhu et al., 2012). Our studies of IDH2 and MnSOD have shown
very similar phenotypes, as acetylation of IDH2 at lysine 413 and acetylation of MnSOD at
lysine 68, due to loss of SIRT3, can result in very similar tumor permissive phenotypes, i.e.
decreased active dimer/tetramer formation, decreased enzymatic activity, increased oxidative
stress, and increased breast cancer malignancy risk.

Therefore, we hypothesize that acetylation of IDH2, an enzyme in the TCA cycle that
regulates the redox homeostasis in the mitochondria by impacting the overall NADPH and GSH
levels in the mitochondria, could potentially affect MnSOD enzymatic activity. We used MCF7-
shIDH2-IDH2WT, MCF7-shIDH2-IDH2K43R - and MCF7-shIDH2-IDH2K43Q cells and we
measured MnSOD acetylation at lysine 68 and MnSOD tetramerization by western blot. We
found a significant increase of MnSOD acetylation at lysine 68 and a decrease of MnSOD
tetramerization levels (Fig. 33) when IDH2 acetyl mimetic was expressed in MCF7 cells,
suggesting that acetylation of IDH2 may affect MnSOD enzymatic activity, and therefore, affect

MnSOD tetramerization levels.
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Figure 33. Acetylation of IDH2 at lysine 413 might affect MnSOD tetramerization

MCF7-shIDH2-IDH2WT, MCF7-shIDH2-IDH2K43R " and MCF7-shIDH2-IDH2K43Q cells were
lysed with IP buffer before samples were immunoblotted with MnSOD-Ac-K68, MnSOD, and
GAPDH antibodies. For MnSOD tetramerization immunoblotting, samples were lysed with IP
buffer and crosslinked with 0.05% glutaraldehyde for 10 min before separated by SDS-PAGE

and immunoblotted with MnSOD antibody. Samples were run in triplicates.
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Chapter 5: Discussion

Ch 5.1: Conclusion of thesis project

Mammalian SIRT3 is regarded as the primary mitochondrial protein deacetylase that
directs the acetylation status of mitochondrial Acetylome. Loss of SIRT3 enzymatic activity
results in aberrant hyperacetylation of multiple mitochondrial proteins (Lombard et al., 2007),
including ATP synthase F1 (Vassilopoulos et al., 2014), pyruvate dehydrogenase (Ozden et al.,
2014), MnSOD (Tao et al., 2010), and IDH2 (Yu et al.,, 2012), resulting in abnormal
mitochondrial homeostasis, aberrantly elevated ROS levels, and metabolic reprogramming in
tumor cells that exhibit a preferential use of glucose consumption (Ozden et al., 2014) that is
similar to that observed in the Warburg effect (Warburg, 1925, 1956; Warburg et al., 1927).
Therefore, SIRT3 has been regarded as a protein that functions to maintain the mitochondrial
energy metabolic homeostasis and redox balance in order to protect mammalian cells from
damages caused by waste products produced during metabolism and the miss-activation of

certain signaling pathways.

In this regard, the alteration of acetylation stoichiometry, due to loss of sirtuin enzymatic
activity, ranges from less than 1% to about 98%, suggesting that changes in mitochondrial
acetylation status can have significant effects in cellular metabolism and signaling pathways
(Baeza et al., 2014). Therefore, it seems likely that the overall dysregulation of mitochondrial
metabolism, due to an increase in protein acetylation, contribute to the tumor permissive
phenotype observed in cells lacking SIRT3. As such, SIRT3 is proposed to be a tumor suppressor
protein that connects mitochondrial energy generation, metabolism, and carcinogenesis (Kim et

al., 2010; Zhu et al., 2014; Zou et al., 2016).
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Loss of SIRT3 enzymatic activity and/or genetic loss of Sirt3, on the other hand, can
result in different types of aging-related diseases and pathogenesis related to different organs, as
sirtuins have been regarded as a longevity protein that functions to increase the life span of C.
elegans, drosophila, and metazoans (Wood et al., 2004). For example, loss of SIRT3 results in
coronary vascular dysfunction and post-myocardial infarction cardiac failure (He et al., 2016).
SIRT3 also functions to maintain bone homeostasis, as loss of SIRT3 can lead to
osteoclastogenesis (Huh et al., 2016). By deacetylating LCAD, SIRT3 protects liver from lipid
accumulation (Chen et al., 2015). SIRT3 and IDH2 also function together to protect mice from
hearing loss (Brown et al., 2014; Someya et al., 2010). All these results suggest that SIRT3 has

beneficial roles in protecting mammals from a variety of diseases.

More importantly, loss of SIRT3 has been shown to be associated with many different
types of cancer, and therefore, SIRT3 has been regarded as a tumor suppressor protein. The first
discovery showing SIRT3 as a tumor suppressor protein suggests that loss of Sirt3 results in
luminal B like breast carcinogenesis in Sirt3” mice (Kim et al., 2010). Decreased SIRT3
expression results in a worse clinical outcome in breast cancer (Desouki et al., 2014). Clinically,
loss of SIRT3 is associated with a worse clinical outcome of head and neck squamous cell
carcinoma (Mahjabeen and Kayani, 2016). By repressing iron metabolism and inhibiting iron
regulatory protein, SIRT3 inhibits pancreatic cancer cell proliferation (Jeong et al., 2015). In
human lung adenocarcinoma, SIRT3 mMRNA expression level was downregulated, and
overexpression of SIRT3 inhibited the growth of lung adenocarcinoma cell lines in vitro (Xiao et

al., 2013). In addition, loss of SIRT3 results in B cell malignancy, which is associated with a
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phenotype of increased ROS production caused by the acetylation of IDH2 and MnSOD (Yu et

al., 2016a). Therefore, studying dysregulated acetylation of mitochondrial proteins, due to loss of
SIRT3 enzymatic activity, and the deleterious effects caused by hyperacetylation of these SIRT3

deacetylation target proteins in the mitochondria, has become the focus of my thesis research.

The NADP?-dependent, dimeric form of IDH2 oxidizes isocitrate into o-ketoglutarate
and is a key enzyme in the Krebs Cycle. It has been shown that inhibiting IDH2 enzymatic
activity by acetylation or knocking it down negatively affects mitochondrial redox balance (Yu
et al., 2012). One potential mechanism is that acetylation of IDH2 affects the NADP* binding
site and therefore significantly increased the Vrm for isocitrate binding and decreased the Vmax for
the production of a-ketoglutarate and NADPH. Decreased production of NADPH results in a
decreased regeneration of total glutathione, and therefore, cells are under oxidative stress due to

elevated GSSG:GSH ratio and increased mitochondrial ROS.

It has been shown that increased ROS levels and decreased total glutathione can provide
growth advantage for different types of cancer. For example, increased ROS levels in breast
cancer cells, due to loss of SIRT3 enzymatic activity, can activate HIFla pathway and
upregulate HIF-activated gene expression, for example, GLUT1 and LDHA, both of which are
involved in glycolysis and Warburg effects (Finley et al., 2011). In addition, increased MnSOD
acetylation at lysine 122, due to loss of SIRT3 enzymatic activity, increased mitochondrial ROS
levels and resulted in genetic instability (Tao et al., 2010). Furthermore, the acetyl-MnSODK!?2
mimetic functions similarly as an oncogene, as it has the ability to transform Sirt3”- MEFs in

vitro. Recently, it has been shown that B cell malignancy caused by loss of SIRT3 enzymatic
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activity has an increased IDH2 acetylation at lysine 413 and MnSOD acetylation at lysine 68 and

122 (Yu et al., 2016a). All these discoveries suggest that increased ROS production caused by
acetylation of mitochondrial proteins, due to loss of SIRT3 enzymatic activity, poses risks for

carcinogenesis.

In my thesis research, we suggest an additional mechanism linking IDH2 acetylation at
K413, due to loss of SIRT3 activity, a protein regarded as a mitochondrial tumor suppressor, to
this enzymatic function by altering its homodimeric protein-protein interaction. Previously, it has
been shown that binding of NADP™ is negatively affected when IDH2 is acetylated at lysine 413
or IDH2 is expressed as an acetyl mimetic (K413Q) (Yu et al., 2012). The formation of IDH2
dimer depends on the conformational change of the catalytic site, where one monomeric IDH2
binds to NADP* and isocitrate and forms a dimer with the other monomeric IDH2. Therefore, it
is reasonable to propose that when IDH2 is acetylated at lysine 413, due to a decreased ability to
bind to NADP+, its ability to form an active, homodimeric complex, also decreases, and
therefore, IDH2 enzymatic activity decreases as well. To mimic the acetylation/deacetylation
status of IDH2, we created IDH2X43R as the deacetyl mimetic and IDH2K413Q as the acetyl

mimetic.

Based on what we have observed in this project and in other unpublished projects, we
found that when we measure parameters like ROS production and glycolytic capacity, the
difference between wild-type and de-acetyl mimetic (the R form) of different mitochondrial
SIRT3 deacetylation target proteins was not always significant. In contrast, it seems that the

acetyl mimetic (the Q form) of SIRT3 downstream targets tend to decrease activity. In this
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regard, we speculate that de-acetylated IDH2 is already present in significant amounts within

cells of our model systems and hence, depending on the cell type, adding additional IDH2 de-
acetyl mimetic (the R form) will not always significantly alter either the phenotype or
biochemical biology. However, the overexpression of IDH2K4R in aerobically glycolytic
(Warburg) cancer cells has the ability to alter the aberrant metabolic biochemical phenotype.
Therefore, while no perfect system substituting the actual acetylation exists, using R and Q as
lysine mimetics have been considered as an appropriate substitution in the field of sirtuin

research.

Currently, several new metabolic properties related to IDHs have been discovered. First,
mutations of IDH1 and IDH2 caused neomorphic enzymatic activity, resulting in the production
of an onco-metabolite named 2-hydroxyglutarate (2HG) (Ward et al., 2010). It has also been
shown that 2HG can impair histone demethylation and switch cell differentiation pathways (Lu
et al., 2012). In addition, a reversible reduction of a-KG to isocitrate has also been discovered
under hypoxic conditions with wild-type IDH1 and IDH2, and an elevation of 2HG levels was
also detected in this process (Wise et al., 2011). While the specific role of IDH2 acetylation at
lysine 413 and the relationship between IDH2 acetylation and 2HG production remains unknown,
it does shed light to a possible future direction whether acetyl-IDH2 provides functions of IDH2

by either reversing the TCA cycle or producing 2HG through a neomorphic enzymatic activity.

The NAD*-dependent IDH3 has long been regarded as the main enzyme for the
conversion from isocitrate to a-KG (Schiaffino et al., 2015). However, simultaneous loss of

IDH2 and IDH3 inhibits ATP formation in pancreatic B-cells, suggesting that NADP*-dependent
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IDH2 is also involved in mitochondrial metabolism (MacDonald et al., 2013). In addition,

knocking down IDH2 results in a 25% decrease of NADPH levels in cells, suggesting that IDH2
plays a significant role in mitochondrial NADPH production (Yu et al., 2012). Furthermore, the
main function of IDH2 includes producing NADPH in the mitochondria, regenerating reduced
glutathione and defending against elevated ROS levels, suggesting its potential role as an anti-

oxidant enzyme by protecting cells against oxidative damage.

Previous discoveries have shown that loss of SIRT3 activity increases ROS and HIF
levels, as well as up regulating several oncogenic pathways (Haigis et al., 2012). It has also been
shown that expression of active IDH2 and SIRT3 prevents hearing loss in mice by production of
NADPH. This regenerates reduced glutathione, decreases GSSG:GSH ratio and inhibits ROS
production. Furthermore, both IDH2 and SIRT3 have potential effects in protecting against acute
hemorrhagic leukoencephalitis (AHL), suggesting the beneficial roles of IDH2 and SIRT3 in
providing a redox homeostasis environment for cells (Someya et al., 2010). Therefore, it is
reasonable to believe that acetylation of IDH2 at K413, due to loss of SIRT3 enzymatic activity,

poses risks that lead to pro-oncogenic properties in cells.

Our data suggests that MCF7 cells expressing IDH2K413Q exhibited altered metabolism
and elevated oxidative stress. These cells exhibit a similar shift to glycolysis and a decreased
oxidative phosphorylation, known as the Warburg effect. Furthermore, these cells showed a
decreased total glutathione level and an increased mitochondrial ROS levels, suggesting that
expressing IDH2 acetyl mimetic increased oxidative stress. On the other hand, adding

mitoTEMPO, a chemical that inhibits ROS production, partially reversed tumor growth in low
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density, suggesting that inhibition of ROS can be a therapeutic strategy for specific cancers with

redox imbalance and oxidative stresses.

More importantly, the expression of IDH2 acetyl mimetic results in tumor permissive
phenotypes in vitro and in vivo. Expression of IDH2 acetyl mimetic results in an increase of
tumor cell proliferation when grown in low density, and together with oncogenic Kras or c-Myc,
it transforms immortalized NIH3T3 cells in soft agar. On the other hand, expression of IDH2
deacetyl mimetic not only reverse tumor cell proliferation in MCF7-shSIRT3 cells and Sirt3
knockout MMTs but also reverses the transformation permissive phenotypes observed in
NIH3T3 cells transfected with oncogenic Kras or c-Myc. When these cells were injected into
nude mice, the subsequent tumors also exhibited similar dysregulated biochemical properties
(increased oxidative stress) (Kim et al., 2010). In addition, our previous discovery in Sirt3
knock-out mammary tumors and our observations in human Luminal A and Luminal B breast
cancer patient samples have provided a correlative explanation between IDH2 acetylation,
SIRT3 expression and breast cancer malignancy risk (Desouki et al., 2014). Furthermore, studies
by the Denu group have also discovered that decreased SIRT3 mRNA levels, decreased SIRT3
enzymatic activity, and hyper-acetylation of SIRT3 target proteins (IDH2 and MnSOD) can
result in B cell malignancies due to increased ROS levels, suggesting that acetylation of IDH2

can promote malignancy risks in different types of cancers (Yu et al., 2016a).

The metabolic switch caused by IDH2 acetylation/deacetylation is another interesting
observation in our study. The Warburg effect, also known as the preferential aerobic glycolysis

in cancer cells, has been regarded as one significant metabolic property of cancer cells. Earlier,
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different studies have found that loss of SIRT3 results in a metabolic switch in cancer cells, as

they have an increased glycolysis and glucose uptake (Finley et al., 2011; Kim et al., 2010;
Ozden et al., 2014). The metabolic switch can at least be partially explained by the acetylation of
different mitochondrial proteins that are SIRT3 deacetylation targets, for example, pyruvate
dehydrogenase (PDH), the first enzyme of the TCA cycle that links glycolysis to oxidative
phosphorylation. Specifically, deacetyl mimitic of PDH at lysine 321 (PDH*®*?'R) increased PDH
enzymatic activity, increased oxygen consumption rate, and decreased lactate production,
glucose uptake and glycolysis, suggesting that active TCA cycle enzymes are responsible for a
complete utilization of glucose to generate ATP efficiently (Ozden et al., 2014). Chemical
inhibition of pyruvate dehydrogenase kinase (PDK), an enzyme that phosphorylates and
inactivates PDH, using dichloroacetate (DCA), can partially reverse tumor proliferation in vitro
(Ozden et al., 2014; Ruggieri et al., 2015). All these data have provided evidence that inhibiting
aerobic glycolysis and activating oxidative phosphorylation can inhibit tumor growth and

therefore can be a potential therapeutic strategy for certain types of cancer.

Interestingly, we have observed a very similar phenotype in our cells, as expressing
IDH2K43Q the acetyl mimetic of IDH2, decreased oxidative phosphorylation and increased
glycolysis in vitro. Adding dimethyl-a-ketoglutarate (DKG), a metabolite that mimics an
increase of IDH2 activity, not only increased maximal respiration capacity in MCF7 cells
expressing IDH2K413Q, put also partially reversed the tumor cell proliferation when grown in low
density. On the other hand, adding isocitrate, a metabolite that mimics a decrease of IDH2
activity, increased glycolysis and tumor cell proliferation in low density. All these data suggest

that IDH2 activity switch not only affects mitochondrial metabolism, but also provides at least a
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partial explanation of tumor permissive phenotypes in vitro, linking metabolism to tumor cell

growth and proliferation.

Overall, our data has also provided an additional mechanistic explanation of how IHD2-
K413-Ac negatively alters its enzymatic activity and promotes transformation-permissive
phenotypes in vitro and in vivo. Therefore, it seems reasonable to propose that activators of
SIRT3 and/or inhibition of mitochondrial ROS production may be used to protect cells from

mitochondrial redox imbalance and transformation (Pillai et al., 2015; Zou et al., 2016).
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Ch 5.2: Future directions

While our study has provided enough details regarding to the acetylation of IDH2 at
lysine 413, due to loss of SIRT3 enzymatic activity, there are several questions that remain
unanswered. First of all, how does chemical activation of SIRT3 affect IDH2 acetylation and
whether chemical activation of SIRT3 can partially reverse tumor permissive phenotypes in vitro
and in vivo. Answering these questions will provide a scientific explanation for a potential
therapeutic use of SIRT3 activators in a subgroup of breast cancer patients with SIRT3 genetic
deletion and/or low SIRT3 enzymatic activity. Secondly, how does direct chemical inhibition of
ROS caused by hyperacetylation of IDH2reverse tumor permissive phenotypes in vitro and in
vivo. Specifically, because both enzymes are SIRT3 deacetylation target proteins in the
mitochondria that function to fight against oxidative stress in the cells and provide a redox
homeostasis, it is reasonable to propose that there are potential interactions between IDH2 and

MnSOD and altering the activity of one enzyme may affect the activity of the other enzyme.

There are several candidates that function to either active SIRT3 or inhibit mitochondrial
ROS production. One candidate is named honokiol, which functions as a SIRT3 activator. One
study has shown that honokiol reverses cardiac hypertrophy in mice through activation of SIRT3
(Pillai et al., 2015). Treatment of honokiol results in decreased pan-acetylation levels of
mitochondrial lysates, decreased ROS levels and inhibition of cardiac hypertrophy in Sirt3 wild-
type mice. Interestingly, honokiol failed to block cardiac hypertrophy in Sirt3 knock-out mice,
suggesting its potential role as a SIRT3 activator. In addition, there are several studies pointing
out the potential role of honokiol as an anti-cancer reagent. For example, a combination therapy

using paclitaxel (PTX) and honokiol (HK) has been shown to be a potential strategy for breast



132
cancer therapy, as the combination of PTX and HK inhibits tumor cell growth in vitro and in vivo

(Wang et al., 2017). In this regard, another combination therapy using honokiol has been shown
to decrease triple negative MDA-MB-231 cellular growth in vivo when injected into nude mice
(Godugu et al., 2017). Furthermore, honokiol has been shown to inhibit DNA polymerase in
multiple types of human-derived cancer cells, resulting in increased sensitivity to bleomycin,
suggesting another potential role of honokiol in combination therapy of cancer (Gowda et al.,
2017). Despite all these numerous publications related to honokiol and anti-cancer combination
therapy, there is no publication suggesting the mechanism how sirtuins, specifically SIRT3, is
involved in honokiol-induced anti-cancer therapy. It would be very interesting to see whether
honokiol treatment results in a decrease of tumor cell proliferation when grown in low density,
whether honokiol could decrease mitochondrial protein acetylation, specifically IDH2 and
MnSOD, as both are considered as anti-oxidant proteins that protect cells from oxidative
damages, and whether honokiol could partially reverse tumor permissive phenotypes in nude

mice when injected with mammalian tumor cells with genetic deletion of SIRT3.

Another candidate of sirtuin activator is resveratrol. There are several publications
showing that that resveratrol can activate sirtuins, including SIRT1 and SIRT3 (Deus et al., 2017;
Fu et al., 2017; Mathieu et al., 2016; Xu et al., 2016). While no direct evidence of resveratrol has
been linked to anti-cancer effects, the majority of the publications have suggested that resveratrol
functions to decrease oxidative stress, ameliorate injury of kidney cells, and improve cardiac
function (Mathieu et al., 2016; Xu et al., 2016), suggesting that resveratrol can be used as
another chemical to maintain redox balance in the mitochondria by activating sirtuin enzymatic

activity. Specifically, resveratrol functions to activate SIRT3 and increase the expression levels
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of FOXO3, PGC-1a, and SOD2 (Fu et al., 2017). It has also been shown that exercise and/or

caloric starvation results in phosphorylation of AMPK, which results in activation of SIRT3, and
this in turn activates PGC-1a (Palacios et al., 2009). It is proposed that loss of PGC-1a can result
in aging-related diseases, for example, telomere dysfunction and Parkinson’s disease (Austin and
St-Pierre, 2012). Therefore, while no direct evidence suggesting the resveratrol-SIRT3-antitumor
effect exists, it is safe to assume that one function of resveratrol is to provide an activation signal
for sirtuins to activate PGC-1a, which functions as a transcription factor that serves as an anti-
aging reagent by decreasing oxidative stress and potentially providing a mitochondrial redox

homeostasis (Austin and St-Pierre, 2012).

One particular ROS scavenger has become the focus of future research in our laboratory,
namely GC4419. There is only one publication regarding the role of GC4419, a pharmacological
mimetic of MnSOD, suggesting that adding GC4419 to HEK-293T cells with MnSOD CRSIPR
knock-out reverses the aberrant redox state (Cramer-Morales et al., 2015). Since the main
function of GC4419 is to mimic MnSOD function by removing superoxide molecules, its
potential role as an anti-cancer therapeutic drug is being investigated. Currently, there are several
clinical trials investigating the role of GC4419 in combination with chemo-radiation in
head/neck cancer patients, and it seems that cancer patients treated with GC4419 have a positive
response to radiation therapy. The side effects of GC4419 include oral mucositis in patients with
oral cavities (Anderson et al.). With these ongoing studies related to GC4419, mitochondrial
metabolism, and anti-cancer therapy, it seems reasonable to regard GC4419 as a potential
candidate for in vivo studies in order to elucidate the mechanism between GC4419, ROS

scavenging, SIRT3 activation, and anti-cancer therapy.
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Our laboratory has provided the first piece of evidence linking SIRT3 and MnSOD
acetylation with carcinogenesis and suggested that acetylated MnSOD could potentially function
similarly as an oncogene, as expression of acetyl mimetic of MnSOD at lysine 122
(MnSODKX!22Q) can transform Sirt3”- MEFs, whereas expression of deacetyl mimetic of MnSOD
at lysine 122 (MnSODX!?2R) cannot transform Sirt3” MEFs (Kim et al., 2010; Tao et al., 2010).
In my thesis research, we showed that co-expression of acetyl mimetic of IDH2 at lysine 413
(IDH2K413Q) with either c-Myc or Kras®'?P, successfully transformed NIH3T3 cells, whereas co-
expression of deacetyl mimetic of IDH2 at lysine 413 (IDH2K*3R), with either c-Myc or
Kras®?P, could reverse the transformation permissive phenotypes. Together with the study of
IDH2 acetylation, MnSOD acetylation and PDH acetylation, it is reasonable to propose that
SIRT3 deacetylation target proteins share a similar function, as acetyl mimetics can either result

in in vitro transformation or result in tumor permissive phenotypes.

MnSOD and IDH2 are both SIRT3 deacetylation target proteins that share very similar
functions to provide mitochondrial redox homeostasis. Our analysis of tamoxifen resistance
cancer cells, a group of cells with a loss of SIRT3 signature, exhibited increased MnSOD and
IDH2 acetylation. This observation is very similar to our discovery that genetic deletion of Sirt3
in mice resulted in receptor positive breast cancer that resembles human Luminal B breast cancer
(Kim et al., 2010). In addition, acetylation of MnSOD at lysine 68 and acetylation of IDH2 at
lysine 413 both decreased total glutathione levels in cancer cells, increasing the oxidative stress
and may promote tumor permissive phenotypes. In addition, both proteins are more acetylated in

Luminal B breast cancer staining compared to Luminal A samples. Furthermore, acetylation of
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IDH2 affects MnSOD acetylation at lysine 68 and decreased MnSOD tetramerization. Therefore,

we expect that the activity of one enzyme would affect the other enzyme as well, and therefore
treatment of GC4419 for tumors lacking SIRT3, IDH2 or MnSOD enzymatic activity will
possibly reverse tumor growth in vivo. Furthermore, if treatment of GC4419 inhibits tumor
growth in vivo, it would be very useful to study the biochemistry of tumors treated with or
without GC4419 by measuring the levels of total glutathione and/or mitochondrial superoxide

levels to elucidate the mechanism how GC4419 can inhibit tumor growth.

It has already been shown that knocking down IDH2 significantly decreased MnSOD
expression levels, whereas treatment of Mito-TEMPO could increase MnSOD expression caused
by IDH2 knockdown. Therefore, it would be interesting to see whether expression of IDH2
deacetyl/acetyl mimetic (IDH2X413RQ) could result in MnSOD acetylation change at lysine 68
and 122. More importantly, whether expression of IDH2X413RQ would affect SIRT3 enzymatic
activity and expression levels would also be an interesting direction to pursue, as no direct
evidence suggesting how SIRT3 expression is regulated exists up until now. Successfully
answering this question by elucidating the relationship between SIRT3 deacetylation targets and
SIRT3 can provide a novel aspect whether the feedback loop exists between sirtuins and their

mitochondrial deacetylation targets.

Another potential ROS scavenger that has been intensively used is Mito-TEMPO. While
my study has provided some evidence suggesting that Mito-TEMPO inhibits tumor cell growth
in vitro, it would be interesting to examine whether inhibition of ROS would affect IDH2

acetylation and mitochondrial metabolism. It has been shown that Mito-TEMPO would increase
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MnSOD expression levels. Therefore, removing ROS molecules (Park et al., 2016a) and

increasing MnSOD enzymatic activity would potentially increase IDH2 activity and NADPH
levels. Specifically, we can express MnSOD deacetyl/acetyl mimetic (MnSODK®RQ and
MnSODK!22R/Q) and study how acetylation status change of MnSOD potentially affects IDH2
acetylation. Successfully answering these questions will allow us to further understand how
different mitochondrial anti-oxidant proteins regulate and interact with each other in order to
provide a redox balanced environment for cells to fight against oxidative stress. These studies

will also shed light for future cancer research.
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