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SIRT3 suppresses rewiring of glutamine metabolism in cancer 

Abstract 

In the process of transformation, a cancer cell selects for a strategy to enhance its 

survival, growth, and proliferation. Metabolic rewiring is a hallmark of cancer cells and is at the 

heart of such a mechanism. Although oncogenes and tumor suppressors contribute to metabolic 

reprogramming in cancer, the exact mechanisms underlying deregulated nutrient metabolism 

continue to be elucidated. The mitochondrial sirtuin, SIRT3 has tumor suppressive function in 

various types of human cancer and represses the Warburg effect in breast cancer cells. Despite 

what is known about SIRT3 in the regulation of metabolism, the challenge in translating our 

findings into development of therapies for treatment of cancer remains. Thus, the goal of this 

dissertation was to develop a better understanding of the role of SIRT3 in tumorigenesis and to 

identify metabolic vulnerabilities associated with loss of SIRT3 in cancer.  

In this dissertation, I identify deregulated glutamine metabolism as a vulnerability in 

tumor-like cells with SIRT3 deletion. First, I utilized immortalized WT and SIRT3 null (KO) 

cells and performed a small molecule screen to identify compounds that selectively decreased 

proliferation of cells lacking SIRT3. The top hit from the screen was a glutamine analog, 

azaserine. Like glucose, glutamine is crucial for synthesis of building blocks to support 

tumorigenesis. In combination with metabolomics analysis, RNA sequencing (RNA Seq), and 

bioinformatics analysis, I revealed that azaserine significantly represses a dependency on 

elevated de novo nucleotide metabolism, driven in part by increased mTORC1 signaling, to 

suppress growth of cells with decreased SIRT3 levels. Additionally, in human breast tumors, 
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SIRT3 expression is lower in the more aggressive basal-like tumors compared to luminal breast 

tumors, and is associated with increased mTORC1 signaling. Moreover, I demonstrate that 

SIRT3 represses mTORC1 signaling to suppress tumorigenesis.  

Given that azaserine is a glutamine analog and that SIRT3 loss results in enhanced 

glutamine consumption, I further examined the effect of SIRT3 loss on glutamine metabolism. 

Using a combination of glutamine tracing and RNA Seq, I uncover alterations in various nodes 

of glutamine metabolism in the absence of SIRT3. More specifically, I identify increased 

distribution of glutamine to glutathione and the tricarboxylic acid (TCA) cycle, which is coupled 

with production of nonessential amino acids (NEAAs) in SIRT3 KO cells. Lastly, I find that 

SIRT3 represses glutaminolysis in breast cancer cells. 

Taken together, my findings reveal a pathway through which glutamine contributes to 

tumor growth and identifies previously undescribed nodes of tumor metabolism deregulated in 

the absence of SIRT3. My findings shed light on potential metabolic pathways that may be 

targeted in cancers with decreased SIRT3 expression to suppress tumorigenesis.  
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1.1 Overview of the dissertation 

During the process of transformation, a tumor cell selects for a mechanism to enhance its 

survival, growth, and proliferation. Many years of research have shed light on metabolic 

reprogramming as a key component of such a strategy. Additionally, the role of oncogenes and 

tumor suppressors and their contribution to metabolic rewiring has been elucidated. The 

mitochondrial sirtuin 3 (SIRT3) is a key regulator of many facets of biology and has been shown 

to have tumor suppressive function in part by repressing a major arm of cancer metabolism, 

glycolysis. Despite what is known about SIRT3 and metabolic rewiring in cancer, it continues to 

be a challenge to transfer our findings into development of therapies to treat these cancers. 

Acquiring a better understanding of the mechanism(s) employed by tumor cells with SIRT3 loss 

could reveal underlying vulnerabilities that could be targeted to treat cancer. Moving towards a 

future of personalized medicine could allow us to develop therapies based on the characteristics 

or strategies adapted by an individual’s tumors. With this landscape in mind, the goal of my 

dissertation was to develop a better understanding of the mechanism by which SIRT3 loss 

promotes tumorigenesis with the goal of identifying an Achilles’ heel for cancer therapy.  

 

1.2 Overview of breast cancer 

Despite many years of research, cancer continues to be one of the top leading causes of 

death [1,2]. In 2012, it was estimated that 14.1 million people were diagnosed with cancer 

resulting in 8.2 million deaths worldwide. Cancer occurrence is expected to increase due to a 

growing and aging population, in addition to modern lifestyle choices, which may increase risk 

of developing this disease. Breast cancer is one of the most frequently diagnosed types of cancer 

and is the leading cause of death in women [1]. Breast cancers are subdivided into four subtypes: 

luminal A, luminal B, triple negative/basal like, and HER2-type, based on transcription profile, 
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and these are categorized into three therapeutic groups [3]. Luminal breast cancers are the most 

prevalent and tend to express the estrogen receptor (ER) and progesterone receptor (PR) and 

have a high survival rate [4-6]. Less prevalent are the HER2-type breast cancers, which exhibit 

amplification of the human epidermal growth factor receptor 2 (HER2) and tend to lack 

expression of the ER and PR. Until the development of trastuzumab (also known as Herceptin), 

an antibody that targets HER2-expressing breast cancer cells, this subtype of breast cancer had a 

poor prognosis [6]. As the name implies, triple-negative breast cancers, which encompass basal-

like breast cancers, lack expression of the three receptors. Although this type of breast cancer is 

the least common, it has a poor prognosis as these cancers are the most aggressive and no 

targeted therapy is available for treatment [7]. Treatment for these types of cancer consists of 

DNA damaging agents, such as cisplatin [8,9]. However, basal-like breast cancers tend to 

develop resistance to this and other types of chemotherapies. Thus, identifying additional 

vulnerabilities in these types of cancer may provide insight into developing better therapies or 

combination therapies to treat these cancers. 

 

1.3 Cellular metabolism and metabolic reprogramming in cancer 

1.3 A. Overview 

A major goal in cancer biology is to identify molecular mechanisms that contribute to 

cancer growth and survival in order to provide insight into new biomarkers for precision 

medicine, as well as novel targeted therapies. Toward this end, recent studies have elucidated a 

new promising area of cancer cell biology – metabolic rewiring or reprogramming, which refers 

to altered metabolism in tumor cells [10-16]. Unlike differentiated or quiescent cells, tumor cells 

proliferate rapidly and rewire metabolism of glucose, amino acids, and fats to produce 

macromolecules, such as nucleic acids, proteins, and lipids, required for generation of new cells 
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[12]. In addition, metabolic reprogramming stimulates production of reducing equivalents 

(NADPH) and energy required for synthesis of these macromolecules (anabolism), as well as 

synthesis of antioxidants to provide growth and survival advantages. 

 

1.3 B. Cancer cells and the Warburg effect  

Non-proliferating cells oxidize glucose via glycolysis and the tricarboxylic acid (TCA) 

cycle, coupled with the electron transport chain (ETC) to generate energy in the form of 

adenosine triphosphate (ATP) [11]. Unlike non-proliferating cells, cancer cells increase uptake 

of nutrients beyond what is needed to support bioenergetic needs [17]. In the 1920s, Otto 

Warburg made the first observation that cancers cells display aberrant metabolism, compared to 

normal cells. Warburg noted that cancer cells utilized glucose at higher rates than a normal cell 

and diverted its entry into the mitochondria to produce and secrete lactate in the presence of 

oxygen – a phenomenon termed the Warburg effect [18]. He hypothesized that this process was a 

result of a rapidly dividing tumor cell’s requirement for energy in the presence of defective 

mitochondria [19]. However, this conclusion has proven to be untrue for many tumors. In fact, it 

is evident that although mutations in mitochondrial genes can promote the Warburg effect, 

mitochondria are intact and functional in many cancer cells with Warburg metabolism. 

Studies have revealed that tumor cells rewire metabolism of glucose since various 

glycolytic intermediates can be shunted into alternate pathways to generate macromolecules to 

fuel increased biomass, which is necessary for rapid proliferation (Figure 1.1) [20]. For example, 

3-phosphoglycerate (3PG) is diverted from glycolysis and is utilized for synthesis of nonessential 

amino acids (NEAAs). In a series of three steps, 3PG is converted to serine, which is further 

converted to glycine and cysteine [21,22]. The first enzyme involved in redirecting glucose to 
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serine is phosphoglycerate dehydrogenase (PHGDH), and expression of this enzyme is high in a 

number of cancers, including breast and melanoma cancers [22,23].  

In addition to NEAA production, glucose oxidation supports biosynthesis via the pentose 

phosphate pathway (PPP), which provides reducing equivalents for anabolic reactions and 5-

carbon sugars for nucleotide synthesis (Figure 1.1) [17,24,25]. The PPP is composed of 2 phases 

– the oxidative and non-oxidative phase [10,26]. In the oxidative phase of the PPP, glucose-6-

phosphate dehydrogenase utilizes G6P in the first step of the PPP to divert it from glycolysis and 

support production of NADPH from NADP+. G6PD expression is elevated in tumors and 

expression of this protein has also been shown to increase NADPH levels [27-29]. In the non-

oxidative phase of the PPP, fructose-6-phosphate and glyceraldehyde-3-phosphate (G3P) 

contribute to generation of ribose-5-phosphate, which is utilized for nucleotide synthesis. In 

addition, G3P is converted to dihydroxyacetone phosphate, which is utilized for synthesis of 

triglycerides – key components of cell membranes [14].  

Another major regulatory node for glycolysis is the last step of glycolysis catalyzed by 

pyruvate kinase (PK). Cancer cells and proliferating cells express the PKM2 isoform, which has 

low enzymatic activity in its dimeric form, and thus, contributes to decreased entry of pyruvate 

to the mitochondria to allow diversion of glycolytic metabolites to other pathways to support 

biomass production [30]. In sum, tumors adjust glucose metabolism through coordinated 

rewiring of multiple nodes to maximize production of metabolites used for nucleotide, amino 

acid and fatty acid synthesis.  
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Figure 1.1. Alterations in glucose and glutamine metabolism contribute to tumor growth  
and proliferation. Rewiring of glucose and glutamine metabolism contribute to synthesis of   
macromolecules, antioxidants, and reducing equivalents. Major enzymes involved in each  
pathway are highlighed above, and expression or activity of these enzymes tends to be altered in  
tumor cells to contribute to metabolic reprogramming, as described in the text. NEAA, 
nonessential amino acids; HK, hexokinase; GFAT, glutamine fructose-6- 
phosphate amidotransferase; PHGDH, phosphoglycerate dehydrogenase; SHMT, serine  
hydroxymethyltransferase; PK, pyruvate kinase; PDH, pyruvate dehydrogenase; GCL,  
glutamate-cysteine ligase; GS, glutathione synthase; ME, malic enzyme; ACL, ATP citrate lyase;  
LDHA, lactate dehydrogenase; GLS, glutaminase; GDH, glutamate dehydrogenase; AST,  
aspartate aminotransferase; ALT, alanine aminotransferase; GLUT1, glucose transporter type 1;  
ASCT2, sodium-dependent neutral amino acid transporter type 2; SN2, system N transporter 2;  
MCT4, monocarboxylate transporter type 4; xCT, cystine/glutamate transporter. 
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1.3 D. Glutamine metabolism and its importance to cancer cells 

For many years, cancer metabolism research focused on developing a better 

understanding of the Warburg effect and the importance of glucose metabolism to a cancer cell. 

An equally important nutrient to cancer cells is glutamine, the most abundant amino acid in 

human plasma [31]. Although glutamine is usually categorized as a nonessential amino acid for 

many resting cells, it can become an essential amino acid in a rapidly dividing cell as it 

complements glucose usage by providing its nitrogen and carbon atoms for synthesis of 

macromolecules, such as nucleic acids, proteins, and lipids to support cellular growth and 

proliferation, as well as for regulation of redox homeostasis (Figure 1.1 and 1.2) [32,33].  

Glutamine metabolism varies across organs, with some organs utilizing glutamine while 

other organs play a key role in synthesizing glutamine [34,35]. Skeletal muscle is the main site of 

glutamine production in the body [36,37]. In addition, the lung, where glutamine synthetase (GS) 

is induced, is another major generator of glutamine [35,38-40]. The lung organ has the ability to 

produce large amounts of glutamine under stress conditions. Adipose tissue can also contribute 

to glutamine production. Part of the liver (perivenous cells) displaying high GS expression has 

the ability to generate glutamine, while another region of the liver (periportal cells) utilize 

glutamine [41,42]. Other organs, such as the kidney, the small intestine, the gut, neurons, 

pancreatic beta cells, and immune system cells are major glutamine consumers [34,43-45]. 

Compared to non-proliferating cells, various types of cancer cells display elevated glutamine 

consumption accompanied by reprogramming of glutamine metabolism [15,32,46-51]. 
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Glutaminolysis and nonessential amino acid (NEAA) production 

Metabolism of glutamine contributes to various metabolic pathways, one of them being 

the TCA cycle where glutamine-derived carbon is metabolized to contribute to production of 

energy, reducing equivalents, and lipids to generate a new cell. Cells take up glutamine via high 

affinity glutamine transporters, such as Slc1a5 (ASCT2) or Slc38a5 (SN2), which are 

overexpressed in various types of tumors [49,52]. Inside the cell, glutamine is utilized for 

anaplerosis, which refers to fueling of the TCA cycle, via glutaminolysis, a canonical glutamine 

metabolism pathway. Glutaminolysis refers to the conversion of glutamine to glutamate by 

glutaminase (GLS), which is followed by deamination of glutamate via glutamate dehydrogenase 

(GDH) to produce a-ketoglutarate [49,53,54]. Ammonium is a byproduct of these steps and 

increased ammonium production is observed in cancer cells that utilize glutamine at high rates 

[55]. Glutamine-derived carbon in the form of a-ketoglutarate is then oxidized in the TCA cycle 

and converted to malate and citrate, which are important for NADPH and lipid synthesis 

respectively [56-58]. As part of the malate-aspartate shuttle, glutamine-derived malate can be 

exported to the cytosol where it is converted to pyruvate, by malic enzyme, resulting in the 

generation of NADPH, which is utilized in anabolic reactions as well as to maintain redox 

balance [59-61]. Alternatively, malate is converted to oxaloacetate (OAA), which is condensed 

with acetyl-coA to form citrate. Citrate can be exported to the cytosol, where it is converted to 

OAA and acetyl CoA by ATP citrate lyase [62]. The acetyl CoA derived from citrate may be 

used for epigenetic and post-translational modification, or synthesis of fatty acid and cholesterol 

– key components of cellular membranes [63]. Additionally, under low oxygen (hypoxia) 

conditions or stabilization of hypoxia inducible factor 1 (HIF1), glutamine-derived a-

ketoglutarate is reductively carboxylated to contribute to the citrate pool for lipid synthesis 
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[64,65]. Thus, mitochondrial glutamine metabolism is essential for production of lipids, as well 

as ATP and NADPH, which are necessary to support anabolic reactions and proliferation. 

  In addition to its anaplerotic role, glutamine is utilized as a nitrogen source for synthesis 

of NEAAs (Figure 1.1 and 1.2) [17,51,58,66]. A recent study has shown that quiescent cells have 

increased expression of GDH to allow entry of glutamine-derived carbon into the TCA cycle. In 

contrast, proliferating cells have increased expression of transaminases and decreased GDH 

expression to couple the conversion of glutamine-derived glutamate to a-ketoglutarate with 

production of NEAAs [67]. Multiple transaminases transfer nitrogen from glutamate to carbon 

backbones to generate NEAAs. For example, aspartate transaminase (GOT) and alanine 

transaminase (GPT) transfer nitrogen from glutamate to oxaloacetate and pyruvate to generate 

aspartate and alanine, respectively [58,68]. In addition, phosphoserine aminotransferase (PSAT1) 

combines 3-phospho-hydroxypyruvate with glutamate-derived nitrogen to generate 

phosphoserine, a precursor to serine. Expression of these genes is regulated by the K-Ras and 

mTORC1 signaling pathways, detailed below, which downregulate expression of GDH and 

stimulate transaminase expression to promote NEAA production and proliferation [58,67,69]. 

 

Nucleotide synthesis 

Glutamine is key to de novo nucleotide synthesis [17]. Glutamine donates its amide group 

in three steps of purine synthesis and two steps of pyrimidine synthesis to contribute to the pool 

of nucleotides for RNA and DNA synthesis, which is essential to generate the genetic material of 

a new cell [17]. In addition to glutamine, the PPP, one carbon metabolism, and NEAAs 

contribute to de novo nucleotide synthesis [70]. 
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De novo production of purines, guanine and adenine, begins with ribose-5-phosphate, a 

PPP intermediate, which is phosphorylated to generate 5-phosphoribosyl-á-pyrophosphate 

(PRPP) (Figure 1.2). The second step of de novo purine synthesis is the rate-limiting step of the 

pathway and is catalyzed by phosphoribosyl pyrophosphate amidotransferase (PPAT), a 

glutamine-dependent enzyme. Two additional enzymes, FGAM synthetase (PFAS) and 

guanosine monophosphate synthase (GMPS) also utilize glutamine in the production of purines. 

Additionally, folate generated via one carbon metabolism, in the cytosol or the mitochondria, is 

utilized in two steps of purine synthesis. Like PPAT, folate metabolism is also rate limiting for 

nucleotide synthesis. Lastly, NEAAs, such as glycine and aspartate also contribute to purine 

synthesis. As previously mentioned, glucose metabolism contributes to synthesis of glycine, and 

both glucose and glutamine contribute to aspartate synthesis. 

Synthesis of pyrimidines, cytosine, thymine, and uracil, relies on glutamine, aspartate, 

and the PPP (Figure 1.2). The first step of pyrimidine synthesis is catalyzed by the rate-limiting 

enzyme carbamoyl-phosphate synthetase 2, aspartate transcarbamoylase, and dihydroorotase 

(CAD). CAD utilizes glutamine, bicarbonate, energy, water, and aspartate to generate 

dihydroorotate. Dihydroorotate is then oxidized in the mitochondria by dihydroorotate 

dehydrogenase to generate orotate, which is then combined with PRPP (generated via the PPP) 

to produce oritidine 5’-monophosphate (OMP). OMP is then converted to uridine 

monophosphate (UMP) via OMP decarboxylase. Lastly, glutamine is utilized for generation of 

cytidine triphosphate (CTP) from uridine triphosphate (UTP). 
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Nucleic acid production requires a lot of energy [12,71-73]. Compared to a non-

proliferating cell, cancer cells elevate nucleotide synthesis to meet the demands of proliferation. 

Nucleic acid synthesis requires nucleotide triphosphates or deoxyribonucleotides. The nucleotide 

monophosphates generated via purine and pyrimidine synthesis are converted to nucleotide 

triphosphates by nucleotide kinases, which are used for RNA synthesis. DNA synthesis requires 

deoxyribonucleotides, which are generated from ribonucleoside diphosphates by ribonucleotide 

reductase, which relies on NADPH and thioredoxin. In addition, because nucleic acids, like 

RNA, are often synthesized and degraded, salvage pathways exist to recover purine and 

pyrimidine bases and convert them back to nucleotides [73]. Salvage reactions are catalyzed by 

phosphoryl transferases and require less energy than de novo nucleotide synthesis. 

 

Glutathione  

Glutamine regulates redox homeostasis by contributing to production of glutathione and 

NADPH [74,75]. Glutathione is the most abundant antioxidant in the cell, and is composed of 

three amino acids: glutamate, cysteine, and glycine [61]. Glutamine is the main contributor to the 

pool of glutamate, which is incorporated into glutathione. Glutamate is also important as it can 

be exported from the cell via the Slc7a11 (xCT) transporter for import of cysteine, the rate-

limiting amino acid for glutathione synthesis [76,77]. In addition to glutamine, glucose 

contributes to glutathione synthesis via production of serine, which contributes to the pool of 

cysteine and glycine [22,78,79]. The antioxidant function of glutathione is mediated by 

glutathione peroxidases, which oxidize glutathione to reduce hydrogen peroxide or lipid 

peroxidases [80]. Regeneration of reduced glutathione is catalyzed by glutathione reductase, a 

reaction requiring NADPH, to which glutamine contributes via the malate-aspartate shuttle 
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[58,81]. Thus, glutamine plays a crucial role in protecting cells from oxidative stress. In addition, 

glutathione synthesis is required for cellular proliferation [82,83]. 

Glutathione is synthesized by glutamate cysteine ligase, which is composed of a catalytic 

(GCLC) and a modifier (GCLM) subunit, and by glutathione synthetase (GSS) [84]. Increases in 

glutathione levels are associated with increased expression of glutathione synthesis genes in liver 

where glutathione promotes growth [85]. Expression of these genes is stimulated by various 

stimuli, including oxidative stress and growth factors [86,87]. Signaling pathways, such as the 

phosphoinositide-3 kinase (PI3K) signaling pathway and the transcription factor Myc, discussed 

below, regulate expression of glutathione synthesis genes [88-92]. Moreover, the transcription 

factor, nuclear factor erythroid 2-related factor (NRF2), is the master regulator of the antioxidant 

stress response and induces expression of genes involved in ROS detoxification, including 

glutathione synthesis genes [91,93]. 

 

Hexosamines 

Like glucose, glutamine contributes to hexosamine biosynthesis. Hexosamine 

biosynthesis generates precursors for glycosylation of proteins [94,95]. Hexosamine synthesis 

also relies on nitrogen from glutamine in the conversion of fructose-6-phosphate to glucosamine-

6-phosphate by glutamine fructose-6-phosphate amidotransferase (GFAT) (Figure 1.2) [96,97]. 

Synthesis of hexosamines, such as uridine diphosphate N-acetylglucosamine, plays a crucial role 

in cellular growth and proliferation, as glycosylation of cell surface receptors is necessary for 

nutrient uptake [97].  
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Alterations in glutamine metabolism in breast cancer 

 Based on the realization that cancers rely on metabolism of glucose and glutamine, for 

proliferation, multiple attempts have been made to identify metabolic vulnerabilities that could 

be targeted for treatment of basal breast cancer. Thus, multiple studies have performed 

metabolomics analysis of human breast tumors and normal breast tissue with the goal of 

identifying metabolic alterations or target for cancer therapy [98,99]. Basal and luminal breast 

cancers display differences in metabolism – especially glutamine metabolism, in vitro and in 

vivo. For instance, basal breast cancer cells have been shown to take up more glutamine 

compared to luminal breast cancer cells, and these studies suggest that glutamine is utilized for 

glutaminolysis [100,101]. Consistent with this finding, Myc amplification and increased 

glutaminase expression is observed frequently in basal breast cancer cells and is associated with 

increased glutaminolysis [102,103]. In addition, suppression of anaplerosis with CB-839, a 

glutaminase inhibitor, or aminooxyacetate, a transaminase inhibitor, has a greater effect on basal-

like breast cancer cells [103,104]. Lastly, the same effect was seen in vivo in a xenograft model 

of triple negative breast cancer. These findings suggest that targeting glutamine metabolism may 

be a viable option to treat the more aggressive basal-like breast cancers.    

 

1.4 Oncogenic signaling contributes to metabolic reprogramming in cancer 

1.4 A. Overview 

Metabolic rewiring allows a cancer cell to synthesize the biomass necessary to generate 

new cells. In a non-proliferating cell, metabolism is highly regulated to suppress proliferation. 

Many of the metabolic alterations in cancer cells mirror metabolism in rapidly proliferating cells, 

such as immune cells [105,106]. However, rapidly proliferating cells adjust metabolism in 

response to growth signals, whereas cancer cells have evolved mechanisms that allow them to 
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evade checkpoints to inhibit proliferation. Numerous studies have uncovered the regulation of 

various metabolic nodes by signaling cascades, such as the Ras, PI3K, and mechanistic target of 

rapamycin (mTOR) signaling pathways (Figure 1.3). Additionally, aberrant activation of these 

signaling pathways is common in cancer, and studies have revealed a new facet of oncogenic 

signaling that mediates metabolic reprogramming in cancer [26,107,108]. Oncogenic signaling 

by Ras, PI3K, and mTOR contributes to altered tumor metabolism, partly by regulating HIF1 or 

Myc [69,107,109-111]. Additionally, tumor suppressors, such as p53 and NRF2, are not 

discussed here but also rewire the metabolic landscape of a cancer cell [112,113]. Interestingly, 

all of these signaling pathways have been linked to sirtuins, which function to rewire metabolism 

in response to nutritional status.  

 

1.4 B. Ras signaling and cancer metabolism 

The Ras family of proteins controls differentiation, growth, and proliferation. Ras is a 

small GTPase, active in its GTP-bound form and inactive when bound to GDP [114]. 

Hyperactivation of this pathway, due to oncogenic mutations in the Ras protein, is common in 

cancer. The most common mutation is a point mutation in the Ras gene, resulting in a 

constitutively active Ras protein. Ras activates Raf, which phosphorylates and activates mitogen-

activated protein kinases kinases 1 and 2 (MEK1 and MEK2). MEK1 and MEK2 phosphorylate 

ERK1 and ERK2, which activate PI3K and Myc to alter cancer metabolism [114,115]. 

Ras signaling contributes to metabolic reprogramming in cancer. Cells transformed with 

oncogenic K-Ras depend on glucose and glutamine for survival and proliferation [58,110,116]. 

Oncogenic K-Ras signaling promotes increased glucose uptake and metabolism where glucose is 

diverted away from the TCA cycle [116]. Moreover, glutamine-tracing experiments have shown  



 17 

 



 18 

increased anaplerosis from glutamine with K-Ras transformation, highlighting how these fuels 

complement each other to promote cellular growth and proliferation [58,116]. Mechanistically, 

microarray data comparing non-transformed and K-Ras transformed cells showed increased 

expression of genes in glycolysis, nucleotide synthesis, and glutamine metabolism further 

supporting these findings [110]. A mouse model of oncogenic K-Ras driven pancreatic ductal 

adenocarcinoma supported the role of K-Ras in metabolic reprogramming [110]. In this mouse 

model, inactivation of K-Ras resulted in tumor regression, which was accompanied by a decrease 

in glucose uptake and lactate secretion, as well as a decrease in glycolytic intermediates known 

to be precursors for various biosynthetic pathways. Indeed, other anabolic pathways, such as the 

hexosamine biosynthesis and the nonoxidative arm of the PPP, are also activated by oncogenic 

K-Ras to promote protein glycosylation and ribose production for DNA and RNA synthesis. 

Knockdown of enzymes in the hexosamine and PPP pathway resulted in decreased xenograft 

tumor growth, supporting the regulation of these metabolic pathways by K-Ras to promote 

tumorigenesis. Lastly, metabolic gene expression decreases with K-Ras inactivation, which is 

also the case with MAPK inhibition and Myc knockdown, suggesting that regulation of these 

pathways by K-Ras contributes to metabolic reprogramming in cancer [110].    

 

1.4 C. Regulation of metabolism by Phosphoinositide-3 Kinase (PI3K) signaling 

In a normal cell, growth factors stimulate receptor tyrosine kinases to activate the PI3K 

signaling cascade [117]. PI3K is recruited to phosphorylated receptors where it is phosphorylated 

and activated. In addition, Ras signaling can stimulate PI3K signaling [114]. Activation of PI3K 

results in its localization to the plasma membrane where it converts phosphatidylinositol -4,5-

biphosphate (PIP2) to phosphatidylinositol -3,4,5-triphosphate (PIP3) (Figure 1.3). 
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Phosphoinositide-dependent kinase 1 (PDK1) and protein kinase B (also known as AKT) are 

recruited to the plasma membrane by PIP3, which results in phosphorylation and activation of 

AKT [52,118]. As a result, AKT promotes various processes important to a cancer cell, such as 

survival, growth, proliferation, angiogenesis, metastasis, and metabolism [119,120]. 

Deregulation of the PI3K/AKT signaling pathway is common across various cancers. Activation 

of this pathway in cancer is often due to an activating mutation in the subunits of the PI3K 

complex, or inactivation/loss of phosphatase and tensin homolog (PTEN), a tumor suppressor 

[117]. Hyperactivation of this pathway increases glucose metabolism, via AKT, in cancer. In 

addition to promoting the localization of the glucose transporter GLUT1 to the plasma 

membrane, AKT increases the expression of and activates hexokinase 2 (HK2) [14]. Moreover, 

AKT phosphorylates phosphofructokinase 2 (PFK2) resulting in production of fructose-2,6-

bisphosphate, which allosterically activates PFK1 to increase glycolysis [75]. AKT also 

stimulates de novo fatty acid synthesis by activating sterol regulatory element binding protein 

(SREBP) [121]. Lastly, AKT promotes Myc stabilization by repressing glycogen synthase kinase 

3 (GSK-3), which phosphorylates Myc to target it for degradation [115].  

 

1.4 D. The mTORC1 signaling pathway promotes anabolism 

The mTOR signaling pathway regulates cellular growth, proliferation, and metabolism 

[122]. Like the Ras and PI3K/AKT pathways, mTOR signaling is deregulated in cancer 

[123,124]. mTOR is a highly conserved serine/threonine kinase found in two complexes in the 

cell, mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2). Of the two complexes, 

more is know about the regulation of metabolism by mTORC1. 
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Upstream regulation of mTORC1 signaling 

mTORC1 is regulated by signals from growth factors, energy status, amino acids, and 

oxygen [125]. Most of these signals are integrated by the tuberous sclerosis complex (TSC), 

composed of TSC1 and TSC2, which functions as a GTPase activating protein (GAP) for the 

GTPase Rheb. In turn, in its GTP-bound state, Rheb activates mTORC1. mTORC1 is activated 

under nutrient rich conditions in the presence of growth factors and amino acids to promote 

growth and proliferation. As already mentioned, growth factors activate the PI3K and Ras 

signaling cascades, and signals from these pathways are sensed by the TSC complex to regulate 

mTORC1 activity [125]. Activated AKT phosphorylates and inhibits TSC2 to activate mTORC1. 

Likewise, ERK1/2 and RSK1, activated by the Ras signaling cascade, activate mTORC1 in the 

same manner [115,126,127]. In addition, amino acids, such as leucine and glutamine, are 

required for mTORC1 activation [128]. Import of leucine relies on export of glutamine via the 

Slc7a5 (LAT1) transporter, and inhibition of the glutamine transporter ASCT2 or LAT1 

suppresses mTORC1 signaling. Lastly, under nutrient rich conditions, ATP is produced at a level 

necessary to support cell growth and proliferation. However, under nutrient-poor conditions, or 

under hypoxia, energy levels decline resulting in an increase in the AMP:ATP ratio. AMP 

activated kinase (AMPK), the energy status sensor of the cell, is activated when energy levels 

decrease, and AMPK negatively regulates mTORC1 by phosphorylating and activating TSC2 

[129]. 

 

mTORC1 promotes growth and proliferation 

mTORC1 stimulation supports anabolic metabolism and represses catabolic processes to 

promote growth and proliferation (Figure 1.3) [130]. mTORC1 phosphorylates downstream 
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targets to regulate transcription, ribosome biogenesis, translation, and autophagy – processes 

important for biomass generation. Two well-known downstream effectors of mTORC1 are p70 

ribosomal S6 kinase (S6K) and eukaryotic initiation factor 4E binding protein 1 (4E-BP1), and 

phosphorylation of these targets promotes protein synthesis by activating mRNA and ribosome 

synthesis, as well as translation elongation. Moreover, mTORC1 phosphorylates and inactivates 

ULK1 and ATG13 to inhibit autophagy [131]. In addition, mTORC1 has been shown to regulate 

several metabolic pathways. Through S6K, mTORC1 stabilizes HIF1, SREBP1, and SREBP2 to 

increase expression of their metabolic targets and promote glucose uptake, glycolysis, de novo 

lipid synthesis, and the oxidative arm of the PPP. Recently, mTORC1 was shown to promote de 

novo synthesis of nucleotides necessary for nucleic acid synthesis. By activating S6K, mTORC1 

stimulates de novo pyrimidine synthesis by activating carbamoyl-phosphate synthetase 2, 

aspartate transcarbamoylase, and dihydroorotase (CAD), the enzyme that catalyzes the first 3 

steps of pyrimidine synthesis [132]. Additionally, mTORC1 stimulates activating transcription 

factor 4 (ATF4) to activate the mitochondrial tetrahydrofolate cycle via increased expression of 

methylenetetrahydrofolate dehydrogenase 2 (MTHFD2), which is the most frequently 

overexpressed enzyme in cancers [133,134]. Altogether, under nutrient-rich conditions mTORC1 

stimulates biosynthetic pathways to generate crucial building blocks for growth and proliferation. 

 

1.4 E. Transcription factors downstream of signaling pathways mediate metabolic 

reprogramming 

Transcription factors have the ability to rewire metabolism by affecting expression of 

various genes, including metabolic genes. Although various transcription factors may be capable 

of altering gene expression to rewire tumor metabolism, it is well established that the 
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transcription factors: HIF1 and Myc play key roles in metabolic reprogramming of cancer cells 

[26,135-138]. 

 

HIF1 supports the Warburg effect 

 The transcription factor HIF1 is composed of two subunits: HIF1a and HIF1b (also 

known as the arylhydrocarbon receptor nuclear translocator, ARNT) [136,139]. The 

HIF1a subunit is stabilized under low oxygen conditions (hypoxia). In the presence of oxygen, 

HIF1a is hydroxylated by prolyl hydroxylases (PHD), a family of dioxygenases, activated by α-

ketoglutarate and inhibited by succinate [140,141]. Hydroxylation results in recruitment of the 

von Hippel-Lindau (VHL) tumor suppressor protein, an E3-ubiquitin ligase, which ubiquitinates 

HIF1a and targets it for destruction by the proteasome [142]. Increased HIF1 protein levels are 

found in human tumors, such as pancreatic, breast, colon, and lung cancer [143]. Loss of VHL is 

observed in cancers, leading to HIF1 stability [144]. In addition, under normoxic conditions, 

mutations in other tumor suppressors, such as the mitochondrial enzymes succinate 

dehydrogenase or fumarate hydratase, also stabilize HIF1 potentially via increased a-

ketoglutarate levels [145,146]. HIF1 regulates cellular metabolism by inducing the expression of 

several glycolytic genes [136]. HIF1 contributes to increased glucose uptake by increasing the 

expression of the glucose transporter GLUT1. In addition, HIF1 induces glycolysis by 

stimulating expression of hexokinase (HK2), and an isoform of phosphofructokinase (PFK1), 

one of the three key regulatory enzymes in glycolysis.  HIF1 also upregulates expression of 

pyruvate dehydrogenase kinase (PDK1) which inhibits PDH, and thus, HIF1 represses oxidative 

phosphorylation and promotes reliance on glycolysis [147,148]. Moreover, HIF1 supports 

regeneration of NAD+ (required to maintain glycolysis) by increasing LDHA expression. Lastly, 
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HIF1 stimulates expression of the monocarboxylate transporter MCT4 to allow excretion of the 

high levels of lactate generated by high rates of glycolysis [135,137]. 

 

Myc promotes glucose and glutamine metabolism 

Elevated levels of the Myc transcription factor are observed in many tumors, such as 

Burkitt’s lymphoma, breast cancer, and neuroblastoma [138,149,150]. Myc regulates a wide 

variety of biological processes, such as mitochondrial biogenesis, protein synthesis, and 

metabolism [107,151]. Recent studies show that Myc coordinates this wide range of cellular 

processes by amplifying transcription of already active genes in the cell [150,152]. Myc activates 

various facets of metabolism, including glucose and glutamine metabolism by directly binding to 

the promoters and increasing the expression of glycolytic and glutaminolytic genes. For instance, 

like HIF1, Myc upregulates transcription of glycolytic genes to increase glycolysis 

[58,110,138,151,153]. Additionally, Myc targets other metabolic enzymes, such as serine 

hydroxymethyltransferase (SHMT), which converts serine to glycine and is important for 

glutathione and nucleotide synthesis [151]. Thus, Myc supports the Warburg effect and promotes 

biogenesis.  

Myc is a major driver of glutamine metabolism, and many cancer cells expressing high 

levels of Myc rely on glutamine for survival [154]. Myc regulates expression of genes involved 

in various nodes of glutamine-dependent metabolism, including glutaminolysis, nucleotide 

synthesis, and glutathione production. Myc promotes glutaminolysis in part by upregulating 

expression of the glutamine transporter ASCT2 contributing to increased glutamine uptake in 

cancer cells [49]. In addition, Myc stimulates glutaminolysis by increasing GLS1 expression in a 

mechanism that involves inhibition of a miRNA that targets a sequence in the GLS 3’ 
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untranslated region, miR23a/b [155]. Myc directly binds to and induces expression of various 

genes along the de novo purine and pyrimidine synthesis pathways, such as the rate limiting 

enzymes, PPAT and CAD to generate nucleotides necessary for DNA and RNA synthesis. Thus, 

Myc may also play a role in regulating nucleic acid synthesis for a rapidly proliferating cell 

[149]. Moreover, Myc stimulates the expression of glutathione synthesis genes and is key for 

protection against oxidative stress [149]. By stimulating multiple glucose and glutamine-

dependent metabolic pathways, Myc promotes growth and proliferation. 

 

1.4 F. Sirtuins as regulators of cancer metabolism 

Sirtuins as metabolic sensors 

The sirtuin family of proteins has been implicated in numerous biological processes, as 

well as longevity and diseases of aging, such as diabetes and cancer [156-159]. Mammals 

express seven sirtuins (SIRT1-7), first identified by their homology to the yeast Sir2 protein 

[160]. Several protein targets through which this family of proteins mediates their function have 

been identified. The first two enzymatic activities identified for this group of proteins were ADP-

ribosylation and deacetylation; however, more recently other enzymatic activities, such as 

demalonylation, desuccinylation, and decrotonylation have been identified [161,162]. Sirtuins 

depend on NAD+ as a cofactor for enzymatic activity. As these proteins catalyze their reactions, 

they convert NAD+ to nicotinamide and O-acetyl-ADP-ribose – of which nicotinamide functions 

as a competitive inhibitor of sirtuins. Levels of NAD+ vary depending on the metabolic state of 

the cell. Under conditions, such as caloric restriction, fasting, or exercise, NAD+ levels increase 

resulting in sirtuin activation and posttranslational modification of their target proteins. Thus 

sirtuins sense the metabolic status of the cell allowing them to adjust to stress conditions, such as 

a low energetic state [163,164]. 
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Sirtuin subcellular localization 

Sirtuins localize to various cellular compartments, such as the nucleus (SIRT1, SIRT6, 

SIRT7), cytosol (SIRT2), and mitochondria (SIRT3, SIRT4, SIRT5), where several targets and 

the effect of their function have been identified. This localization endows this family of proteins 

the potential to coordinate cancer metabolism in various ways, from direct regulation of 

metabolic enzymes, in the mitochondria or cytosol, to transcriptional regulation of metabolic 

gene expression in the nucleus. Indeed, studies uncovered sirtuins to play critical roles in tumor 

metabolism. Of the seven sirtuins, the best studied sirtuins in tumor metabolism are two 

mitochondrial sirtuins (SIRT3 and SIRT4), as well as a nuclear sirtuin (SIRT6).  

 

1.5 The role of mitochondrial sirtuin 3 (SIRT3) in physiology and metabolic 

reprogramming 

1.5 A. Overview 

The mitochondrion is a key metabolic hub that orchestrates multiple nodes of metabolism 

deregulated in cancer. Thus, in addition to oncogenes and tumor suppressors, mitochondrial 

enzymes are well poised to regulate tumor metabolism. Many mitochondrial enzymes are 

regulated by post-translational modifications. For instance, activity of GDH, succinate 

dehydrogenase (SDH), and isocitrate dehydrogenase (IDH) is regulated by lysine acetylation. 

Thus, determining how deacetylation of mitochondrial proteins regulates cancer metabolism is a 

growing area of interest. The mitochondrial sirtuin 3 (SIRT3) is a robust deacetylase that 

coordinates multiple facets of mitochondrial biology to maintain cellular homeostasis and protect 

from age-related diseases, including cancer.  

 



 26 

1.5 B. SIRT3 regulates mitochondrial metabolism 

SIRT3 has multi-faceted control of metabolism. SIRT3 activates a mitochondrial 

program to promote energy production, oxidative metabolism, and redox homeostasis (Figure 

1.4) [165]. First, SIRT3 mediates this metabolic control by deacetylating a number of 

mitochondrial proteins to boost their activity. Secondly, SIRT3 can affect cellular signaling 

pathways to control metabolism. The direct role of SIRT3 on cellular metabolism is clear from a 

wide-range of studies.  

SIRT3 is a potent deacetylase, and in line with this, tissues from knockout (KO) mice 

display increased acetylation of mitochondrial proteins [166]. Several SIRT3 substrates have 

been identified and validated, and these enzymes are involved in mitochondrial metabolic 

pathways, such as the electron transport chain, TCA cycle, fatty acid oxidation, amino acid 

metabolism, and in maintenance of cellular redox homeostasis [167]. For example, SIRT3 

stimulates energy production by deacetylating and activating pyruvate dehydrogenase (PDH) and 

components of the electron transport chain (NDUFA9 and SDH) [168-171]. Thus, low ATP 

levels have been observed in tissues with low SIRT3 levels [168,169]. Additionally, SIRT3 

deacetylates long chain acyl coenzyme A dehydrogenase (LCAD) to promote fatty acid 

oxidation in the liver [172,173]. SIRT3 is also involved in the regulation of amino acid 

catabolism by activating GDH and promotes ammonia detoxification by deacetylating ornithine 

transcarbamoylase (OTC) and inducing the urea cycle [166,174,175]. Additionally, SIRT3 has 

recently been shown to deacetylate mitochondrial aspartate transaminase (GOT2) to destabilize 

its interaction with malate dehydrogenase and decrease activity of the malate aspartate shuttle 

and suppress pancreatic cancer [176]. By regulating these metabolic pathways, SIRT3 protects 

from development of various diseases [177]. 
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In normal, primary tissues, SIRT3 has been implicated in the regulation of cellular 

signaling in heart and skeletal muscle, brown adipose tissue, and liver [169,178-180]. SIRT3 

plays a role in response to cardiac hypertrophy as its expression increases in hearts of mice 

treated with hypertrophy agonists in part by activating the transcription factor Foxo3a to induce 

expression of antioxidant genes [178,181]. Induction of signaling cascades, such as the PI3K/Akt 

and MAPK/ERK pathways, also may contribute to the pathogenesis of cardiac hypertrophy, as 

these pathways were repressed in transgenic mice overexpressing SIRT3 [182]. In addition, 

SIRT3 repressed activation of Ras, which is upstream of PI3K and MAPK/ERK signaling. 

Finally, the mTOR signaling pathway was activated in hearts of SIRT3 null mice and this was 

abolished by overexpression of SIRT3 [178]. The mTORC1 signaling pathway is negatively 

regulated by AMP kinase (AMPK), and its regulator LKB1 [183]. In concordance with increased 

mTOR signaling, SIRT3 null mouse hearts have decreased phosphorylation and activity of 

AMPK and LKB1 [178]. Thus, SIRT3 plays a protective role during the response to cardiac 

hypertrophy. 

In addition to regulating signaling in heart, SIRT3 plays a role in insulin signaling in 

skeletal muscle, which is important as SIRT3 KO mice have impaired insulin signaling, which is 

an early feature of type 2 diabetes [180]. However, cell signaling differs between skeletal muscle 

and heart. Skeletal muscle from SIRT3 null mice displays decreased insulin signaling evidenced 

by decreased phosphorylation of tyrosine residues in the insulin receptor (IR). In addition, SIRT3 

loss decreases phosphorylation of IR targets, such as PI3K and AKT, which is accompanied by 

decreased glucose uptake [180]. Decreased ERK phosphorylation is also evident in skeletal 

muscle from SIRT3 null mice stimulated with insulin. Like hearts from SIRT3 null mice, skeletal 

muscle from these mice displays increased oxidative stress and increased expression of genes 
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involved in oxidative stress response, suggesting that increased ROS in the absence of SIRT3 

may play a role in regulating signaling cascades, such as PI3K. Various kinases, such as the Jun 

N-terminal kinase (JNK), protein kinase C, and S6K, are activated by oxidative stress and 

phosphorylate the IR and IRS-1 to decrease PI3K activation [180,184]. Upon closer examination, 

skeletal muscle from SIRT3 null mice have increased phosphorylation of JNK, which is in 

agreement with observations in mouse embryonic fibroblasts from these mice. The study 

proposes increased ROS in SIRT3 null mouse tissue as a mechanism for activation of JNK and 

deregulation of insulin signaling [170,180]. As discussed above, these signaling pathways 

regulate tumor metabolism. However, whether SIRT3 controls signaling pathways, such as PI3K 

or mTOR signaling, remains unknown. 

 

1.5 C. SIRT3 promotes protection from oxidative stress  

SIRT3 controls redox homeostasis by promoting reactive oxygen species (ROS) 

detoxification via activation of manganese superoxide dismutase 2 (SOD2) and isocitrate 

dehydrogenase 2 (IDH2) [185-189]. SOD2 scavenges superoxide and converts it to hydrogen 

peroxide, a substrate for catalase, which generates water and oxygen from hydrogen peroxide 

[188]. IDH2, a TCA cycle enzyme, decarboxylates isocitrate to produce a-ketoglutarate under 

normal conditions [187]. This reaction generates reducing equivalents as it uses NADP+ to 

generate NADPH, which is essential for anabolic reactions and is used by glutathione reductase 

for regeneration of a major antioxidant, glutathione. Taken together, numerous studies suggest 

that SIRT3 coordinates a program to protect a cell from oxidative stress and cellular damage.  
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1.5 D. SIRT3 represses the Warburg effect 

The importance of SIRT3 in human cancers is beginning to crystallize. First, decreased 

SIRT3 levels are observed across a wide range of human tumors, and particularly in breast 

cancer where SIRT3 gene deletions are also observed [190-197]. Compared to normal tissue, 

breast cancers have decreased SIRT3 protein expression [192]. Lastly, SIRT3 is undetectable in 

metastatic samples, suggesting that SIRT3 may play a role in repressing metastasis [191]. It is 

important to note that many tumors also display increased SIRT3 expression, which may indicate 

a pro-survival role for SIRT3 in these cancers [198,199]. It will be critical for future studies to 

elucidate the importance of SIRT3 deletion versus amplification based on cancer type. Moreover, 

it will also be important to determine if and whether SIRT3 suppresses tumorigenesis by 

inhibiting cancer initiation or cancer progression. 

Cellular and mouse models have provided insight into the role of SIRT3 in repressing 

tumorigenesis, in part by suppressing metabolic rewiring [191,192,200]. First, compared to WT 

MEFs, SIRT3 null MEFs display features of cancer cells, such as rapid proliferation, aneuploidy, 

anchorage-independent colony formation, and allograft tumor formation in nude mice [191,192]. 

Moreover, SIRT3 null MEFs have higher superoxide levels under stress conditions – consistent 

with the role of SIRT3 in deacetylating and activating SOD2 [185,192]. Second, SIRT3 null 

mice spontaneously develop breast tumors at 12 months. Mammary tumors from SIRT3 null 

mice have increased protein damage, suggesting that these mice have increased levels of ROS 

[191]. Additionally, SIRT3 overexpression can inhibit growth of breast and pancreatic cell lines 

in vitro [192,196]. Together, these studies indicate that SIRT3 inhibits tumorigenesis of certain 

types of cancers.  
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How does SIRT3 regulate tumor growth?  

One mechanism is that SIRT3 deacetylates a specific target with strong tumor 

suppressive activity. One such target has not been identified. Based on published data thus far, it 

is more likely that SIRT3 deacetylates an array of targets that either change the metabolic status 

or redox of the cell. For example, SIRT3 plays a pivotal role in diminishing oxidative stress, in 

part, by regulating SOD2 and IDH2, but it may also control ROS production by regulating the 

efficiency of the ETC [81,185,186,201]. This particular arm of SIRT3 activity may have 

important roles in cancer, as many cancer cells have increased ROS levels in comparison with 

non-tumorigenic cells [202]. Paradoxically, chronic elevation of ROS in tumors may trigger 

important signaling cascades that promote cellular proliferation and survival (Figure 1.3) 

[203,204]. Indeed, numerous studies have observed that SIRT3 suppresses ROS. It was proposed 

that elevated ROS in SIRT3 null cells and mice contributes to increased genomic instability, 

leading to increased tumorigenesis.  

 

How does SIRT3 regulate signaling?  

Our lab and the Guarente lab independently discovered that increased ROS in SIRT3 null 

cells results in HIF1a stabilization. HIF1a stability is regulated by prolyl hydroxylases (PHDs), 

which hydroxylate HIF1a under normoxia to allow the von Hippel-Lindau protein (vHL) to 

ubiquitinate HIF1a, leading to proteosomal degradation [141]. SIRT3 null MEFs demonstrated 

decreased HIF1a hydroxylation, and overexpression of SIRT3 decreased hydroxylation in breast 

cancer cells. Importantly, although PHDs function as oxygen sensors, the regulation of PHD 

activity by SIRT3 occurred during normoxia. 
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As discussed above, elevated HIF1 activity has important consequences in the 

metabolism of human cancers and this fact is supported by studies of SIRT3. First, SIRT3 null 

MEFs display elevated glycolytic metabolism, which can be inhibited with antioxidants or by 

knockdown of HIF1a [192,200]. Steady-state metabolomics analysis shows that the absence of 

SIRT3 alters glucose metabolism by increasing several intermediates in the glycolytic pathway 

and the PPP, suggesting rewiring of glucose metabolism and the potential for glucose to 

contribute to additional pathways to support synthesis of macromolecules for cellular 

proliferation. Glucose flux analysis yielded similar results [167]. Cells and tissues from SIRT3 

KO mice demonstrate a signature of elevated HIF1 gene expression. Finally, expression of 

SIRT3 decreases HIF1a levels, represses the Warburg effect, and decreases cell growth in breast 

cancer cells [192]. While these studies highlight HIF1 as a signaling pathway regulated by 

SIRT3, many other signaling pathways are controlled by mitochondria or ROS. Thus, it is 

important to examine: 1) whether SIRT3 affects other mitochondrial- rooted signaling pathways, 

and 2) if this control of other signaling pathways contribute to the tumor suppressive activity of 

SIRT3.  

 

1.6 Scope of the dissertation 

The main goal of my dissertation was to identify mechanism(s) by which SIRT3 

depletion promotes tumorigenesis to uncover novel vulnerabilities that may underlie in cancers 

with SIRT3 loss. In Chapter II, I uncover nucleotide metabolism as a vulnerability in breast 

cancer cells with low SIRT3. I collaborated with a visiting postdoctoral fellow and performed a 

small molecule screen to identify vulnerabilities in cells with SIRT3 deletion. The top hit from 

the screen was azaserine, a glutamine analog, which selectively decreased growth in the absence 
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of SIRT3. Steady-state metabolomics analysis revealed that azaserine significantly repressed 

elevated de novo purine synthesis in cells with SIRT3 loss. In agreement with the role of 

mTORC1 signaling in stimulating de novo nucleotide synthesis, I identify hyperactive mTORC1 

signaling as part of the mechanism by which SIRT3 loss induces nucleotide synthesis. Moreover, 

in breast tumors, low SIRT3 expression is inversely associated with increased mTORC1 

signaling. I show that SIRT3 represses growth of breast cancer cells in 3-dimensional culture and 

xenograft tumors. Lastly, treatment with azaserine or rapamycin strongly reduces growth of 

breast cancer cells with low SIRT3 levels. In conclusion, I utilized a chemical biology approach 

to identify a new metabolic vulnerability in tumors that lack SIRT3. My findings suggest that 

SIRT3 may be used as a biomarker for to identify cancer patients who may benefit from 

mTORC1 or nucleotide synthesis targeted therapies. 

In Chapter III, I reveal deregulation of multiple nodes of glutamine metabolism in cells 

lacking SIRT3. Together with glucose, glutamine contributes for synthesis of key 

macromolecules necessary for proliferation. Although SIRT3 has been shown to suppress 

rewiring of glucose metabolism in breast cancer cells, whether SIRT3 played a role in regulating 

glutamine metabolism remained unknown. Given that SIRT3 loss results in elevated glutamine 

consumption (Chapter II), I utilized glutamine tracing and metabolomics to determine the effect 

of SIRT3 deletion on metabolism of glutamine. SIRT3 loss promotes increased entry of 

glutamine-derived carbon into the tricarboxylic acid (TCA) cycle, which is coupled with 

increased contribution of glutamine-derived nitrogen to production of nonessential amino acids. 

Moreover, my data demonstrate that SIRT3 represses glutaminolysis in breast cancer cells and 

that SIRT3 catalytic activity is necessary for this effect. Lastly, the increased glutamine taken up 

by the cell is used to support increased glutathione production, which promotes proliferation. 
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Altogether, my data show that SIRT3 represses multiple nodes of glutamine metabolism 

previously shown to be deregulated in cancer. These findings highlight additional glutamine-

dependent pathways that may be altered in tumors with decreased expression or deletion of 

SIRT3. 

Altogether, my findings further underscore the role of SIRT3 as a tumor suppressor in 

breast cancer via repression of glutamine metabolism. My work unveils novel potential 

vulnerabilities that may be targeted to suppress tumorigenesis of cancers with loss or decreased 

SIRT3 levels. I conclude by discussing the significance and implications of my work and 

propose future directions based on my findings. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 35 

1.7 References 

1.  Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, Jemal A. Global cancer statistics, 
2012. CA Cancer J Clin 2015; 65:87–108. 

 

2.  National Center for Health Statistics (US). Health, United States, 2015: With Special 
Feature on Racial and Ethnic Health Disparities. 2016. 

 

3.  Cancer Genome Atlas Network. Comprehensive molecular portraits of human breast 
tumours. Nature 2012; 490:61–70. 

 

4.  Perou CM, Sørlie T, Eisen MB, et al. Molecular portraits of human breast tumours. Nature 
2000; 406:747–752. 

 

5.  Neve RM, Chin K, Fridlyand J, et al. A collection of breast cancer cell lines for the study 
of functionally distinct cancer subtypes. Cancer Cell 2006; 10:515–527. 

 

6.  Metzger-Filho O, Sun Z, Viale G, et al. Patterns of Recurrence and outcome according to 
breast cancer subtypes in lymph node-negative disease: results from international breast 
cancer study group trials VIII and IX. Journal of Clinical Oncology 2013; 31:3083–3090. 

 

7.  Ismail-Khan R, Bui MM. A review of triple-negative breast cancer. Cancer Control 2010; 
17:173–176. 

 

8.  Yadav BS, Sharma SC, Chanana P, Jhamb S. Systemic treatment strategies for triple-
negative breast cancer. World J Clin Oncol 2014; 5:125–133. 

 

9.  Wahba HA, El-Hadaad HA. Current approaches in treatment of triple-negative breast 
cancer. Cancer Biol Med 2015; 12:106–116. 

 

 



 36 

10.  DeBerardinis RJ, Lum JJ, Hatzivassiliou G, Thompson CB. The Biology of Cancer: 
Metabolic Reprogramming Fuels Cell Growth and Proliferation. Cell Metabolism 2008; 
7:11–20. 

 

11.  Vander Heiden MG, Cantley LC, Thompson CB. Understanding the Warburg Effect: The 
Metabolic Requirements of Cell Proliferation. Science 2009; 324:1029–1033. 

 

12.  Lunt SY, Vander Heiden MG. Aerobic Glycolysis: Meeting the Metabolic Requirements of 
Cell Proliferation. Annu Rev Cell Dev Biol 2011; 27:441–464. 

 

13.  Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell 2011; 144:646–
674. 

 

14.  Vander Heiden MG, Lunt SY, Dayton TL, et al. Metabolic Pathway Alterations that 
Support Cell Proliferation. Cold Spring Harbor Symposia on Quantitative Biology 2012; 
76:325–334. 

 

15.  Ward PS, Thompson CB. Metabolic reprogramming: a cancer hallmark even warburg did 
 not anticipate. Cancer Cell 2012; 21:297–308. 

 

16.  Cantor JR, Sabatini DM. Cancer Cell Metabolism: One Hallmark, Many Faces. Cancer 
Discovery 2012; 2:881–898. 

 

17.  DeBerardinis RJ, Mancuso A, Daikhin E, et al. Beyond aerobic glycolysis: transformed 
cells can engage in glutamine metabolism that exceeds the requirement for protein and 
nucleotide synthesis. Proc Natl Acad Sci USA 2007; 104:19345–19350. 

 

18.  Warburg O, Wind F, Negelein E. THE METABOLISM OF TUMORS IN THE BODY. J 
Gen Physiol 1927; 8:519–530. 

 

 



 37 

19.  Weinhouse S. The Warburg hypothesis fifty years later. Z Krebsforsch Klin Onkol Cancer 
Res Clin Oncol 1976; 87:115–126. 

 

20.  DeBerardinis RJ. Is cancer a disease of abnormal cellular metabolism? New angles on an 
old idea. Genet Med 2008; 10:767–777. 

 

21.  Greenberg DM, Ichihara A. Further studies on the pathway of serine formation from 
carbohydrate. J Biol Chem 1957; 224:331–340. 

 

22.  Possemato R, Marks KM, Shaul YD, et al. Functional genomics reveal that the serine 
synthesis pathway is essential in breast cancer. Nature 2011; 476:346–350. 

 

23.  Locasale JW, Grassian AR, Melman T, et al. Phosphoglycerate dehydrogenase diverts 
glycolytic flux and contributes to oncogenesis. Nat Genet 2011; 43:869–874. 

 

24.  Andrés A, Satrústegui J, Machado A. Development of NADPH-producing pathways in rat 
heart. Biochem J 1980; 186:799–803. 

 

25.  Boros LG, Torday JS, Lim S, Bassilian S, Cascante M, Lee WN. Transforming growth 
factor beta2 promotes glucose carbon incorporation into nucleic acid ribose through the 
nonoxidative pentose cycle in lung epithelial carcinoma cells. Cancer Res 2000; 60:1183–
1185. 

 

26.  Jones RG, Thompson CB. Tumor suppressors and cell metabolism: a recipe for cancer 
growth. Genes & Development 2009; 23:537–548. 

 

27.  Rao KN, Elm MS, Kelly RH, et al. Hepatic hyperplasia and cancer in rats: metabolic 
alterations associated with cell growth. Gastroenterology 1997; 113:238–248. 

 

28.  Van Driel BE, Valet GK, Lyon H, Hansen U, Song JY, Van Noorden CJ. Prognostic 
estimation of survival of colorectal cancer patients with the quantitative histochemical 
assay of G6PDH activity and the multiparameter classification program CLASSIF1. 



 38 

Cytometry 1999; 38:176–183. 

 

29.  Polat MF, Taysi S, Gul M, et al. Oxidant/antioxidant status in blood of patients with 
malignant breast tumour and benign breast disease. Cell Biochem Funct 2002; 20:327–331. 

 

30.  Christofk HR, Vander Heiden MG, Harris MH, et al. The M2 splice isoform of pyruvate 
kinase is important for cancer metabolism and tumour growth. Nature 2008; 452:230–233. 

 

31.  Kuhn KS, Muscaritoli M, Wischmeyer P, Stehle P. Glutamine as indispensable nutrient in 
oncology: experimental and clinical evidence. Eur J Nutr 2010; 49:197–210. 

 

32.  DeBerardinis RJ, Cheng T. Q's next: the diverse functions of glutamine in metabolism, cell 
biology and cancer. Oncogene 2009; 29:313–324. 

 

33.  Dang CV. Links between metabolism and cancer. Genes & Development 2012; 26:877–
890. 

 

34.  Newsholme P, Lima MMR, Procopio J, et al. Glutamine and glutamate as vital 
metabolites. Braz J Med Biol Res 2003; 36:153–163. 

 

35.  Hensley CT, Wasti AT, DeBerardinis RJ. Glutamine and cancer: cell biology, physiology, 
and clinical opportunities. J Clin Invest 2013; 123:3678–3684. 

 

36.  Felig P, Wahren J, Räf L. Evidence of inter-organ amino-acid transport by blood cells in 
humans. Proc Natl Acad Sci USA 1973; 70:1775–1779. 

 

37.  Stumvoll M, Perriello G, Meyer C, Gerich J. Role of glutamine in human carbohydrate 
metabolism in kidney and other tissues. Kidney Int 1999; 55:778–792. 

 

38.  Labow BI, Abcouwer SF, Lin CM, Souba WW. Glutamine synthetase expression in rat 



 39 

lung is regulated by protein stability. Am J Physiol 1998; 275:L877–86. 

 

39.  Labow BI, Souba WW, Abcouwer SF. Mechanisms governing the expression of the 
enzymes of glutamine metabolism--glutaminase and glutamine synthetase. J Nutr 2001; 
131:2467S–2487S. 

 

40.  Hulsewé K, van der Hulst R, Ramsay G. Pulmonary glutamine production: effects of sepsis 
and pulmonary infiltrates. Intensive Care Med … 2003; 29:1833-1836. 

 

41.  Haüssinger D. Nitrogen metabolism in liver: structural and functional organization and 
physiological relevance. Biochem J 1990; 267:281–290. 

 

42.  Curthoys NP, Watford M. Regulation of glutaminase activity and glutamine metabolism. 
Annu Rev Nutr 1995; 15:133–159. 

 

43.  Ardawi MS, Newsholme EA. Glutamine metabolism in lymphocytes of the rat. Biochem J 
1983; 212:835–842. 

 

44.  Souba WW, Strebel FR, Bull JM, Copeland EM. Interorgan glutamine metabolism in the 
tumor-bearing rat. Journal of Surgical Res 1988; 44:720-726. 

 

45.  Windmueller HG. Glutamine utilization by the small intestine. Adv Enzymol Relat Areas 
Mol Biol 1982; 53:201–237. 

 

46.  EAGLE H. Nutrition needs of mammalian cells in tissue culture. Science 1955; 122:501–
514. 

 

47.  Bode BP, Kaminski DL, Souba WW, Li AP. Glutamine transport in isolated human 
hepatocytes and transformed liver cells. Hepatology 1995; 21:511–520. 

 



 40 

48.  Fischer CP, Bode BP, Souba WW. Adaptive alterations in cellular metabolism with 
malignant transformation. Ann Surg 1998; 227:627–636. 

 

49.  Wise DR, DeBerardinis RJ, Mancuso A, et al. Myc regulates a transcriptional program that 
stimulates mitochondrial glutaminolysis and leads to glutamine addiction. Proc Natl Acad 
Sci USA 2008; 105:18782–18787. 

 

50.  Lu W, Pelicano H, Huang P. Cancer Metabolism: Is Glutamine Sweeter than Glucose? 
Cancer Cell 2010; 18:199–200. 

 

51.  Daye D, Wellen KE. Metabolic reprogramming in cancer: Unraveling the role of glutamine 
in tumorigenesis. Seminars in Cell and Developmental Biology 2012; 23:362–369. 

 

52.  Cairns RA, Harris IS, Mak TW. Regulation of cancer cell metabolism. Nat Rev Cancer 
2011; 11:85–95. 

 

53.  Kovacević Z. The pathway of glutamine and glutamate oxidation in isolated mitochondria 
from mammalian cells. Biochem J 1971; 125:757–763. 

 

54.  Matsuno T. End products of glutamine oxidation in MC-29 virus-induced chicken 
hepatoma mitochondria. Biochem Med Metab Biol 1989; 42:125–131. 

 

55.  Matés JM, Segura JA, Campos-Sandoval JA, et al. Glutamine homeostasis and 
mitochondrial dynamics. The International Journal of Biochemistry & Cell Biology 2009; 
41:2051–2061. 

 

56.  Sabine JR, Kopelovich L, Abraham S, Morris HP. Control of lipid metabolism in 
hepatomas: conversion of glutamate carbon to fatty acid carbon via citrate in several 
transplantable hepatomas. Biochim Biophys Acta 1973; 296:493–498. 

 

 



 41 

57.  Le A, Lane AN, Hamaker M, et al. Glucose-Independent Glutamine Metabolism via TCA 
Cycling for Proliferation and Survival in B Cells. Cell Metabolism 2012; 15:110–121. 

 

58.  Son J, Lyssiotis CA, Ying H, et al. Glutamine supports pancreatic cancer growth through a 
KRAS-regulated metabolic pathway. Nature 2013; 496:101–105. 

 

59.  Marí M, Morales A, Colell A, García-Ruiz C, Fernández-Checa JC. Mitochondrial 
glutathione, a key survival antioxidant. Antioxid Redox Signal 2009; 11:2685–2700. 

 

60.  Ortega AL, Mena S, Estrela JM. Glutathione in Cancer Cell Death. Cancers 2011; 3:1285–
1310. 

 

61.  Lu SC. Glutathione synthesis. Biochimica et Biophysica Acta (BBA) - General Subjects 
2013; 1830:3143–3153. 

 

62.  Wellen KE, Thompson CB. A two-way street: reciprocal regulation of metabolism and 
signalling. Nat Rev Mol Cell Biol 2012; 13:270–276. 

 

63.  DeBerardinis RJ, Thompson CB. Cellular Metabolism and Disease: What Do Metabolic 
Outliers Teach Us? Cell 2012; 148:1132–1144. 

 

64.  Wise DR, Ward PS, Shay JES, et al. Hypoxia promotes isocitrate dehydrogenase-
dependent carboxylation of α-ketoglutarate to citrate to support cell growth and viability. 
Proc Natl Acad Sci USA 2011; 108:19611–19616. 

 

65.  Metallo CM, Gameiro PA, Bell EL, et al. Reductive glutamine metabolism by IDH1 
mediates lipogenesis under hypoxia. Nature 2012; 481:380–384. 

 

66.  Tong X, Zhao F, Thompson CB. The molecular determinants of de novo nucleotide 
biosynthesis in cancer cells. Current Opinion in Genetics & Development 2009; 19:32–37. 

 



 42 

67.  Coloff JL, Murphy JP, Braun CR, et al. Differential Glutamate Metabolism in Proliferating 
and Quiescent Mammary Epithelial Cells. Cell Metabolism 2016; 23:867–880. 

 

68.  Shanware NP, Mullen AR, DeBerardinis RJ, Abraham RT. Glutamine: pleiotropic roles in 
tumor growth and stress resistance. J Mol Med 2011; 89:229–236. 

 

69.  Csibi A, Fendt S-M, Li C, et al. The mTORC1 Pathway Stimulates Glutamine Metabolism 
and Cell Proliferation by Repressing SIRT4. Cell 2013; 153:840–854. 

 

70.  Tedeschi PM, Markert EK, Gounder M, et al. Contribution of serine, folate and glycine 
metabolism to the ATP, NADPH and purine requirements of cancer cells. Cell Death Dis 
2013; 4:e877. 

 

71.  Vander Heiden MG. Targeting cancer metabolism: a therapeutic window opens. Nat Rev 
Drug Discov 2011; 10:671–684. 

 

72.  Garrett R, Grisham C. Biochemistry. 5 ed. Belmont, CA: Cengage Learning; 2012. 

 

73.  Lane AN, Fan TWM. Regulation of mammalian nucleotide metabolism and biosynthesis. 
Nucleic Acids Res 2015; 43:2466–2485. 

 

74.  Lora J, Alonso FJ, Segura JA, Lobo C, Márquez J, Matés JM. Antisense glutaminase 
inhibition decreases glutathione antioxidant capacity and increases apoptosis in Ehrlich 
ascitic tumour cells. Eur J Biochem 2004; 271:4298–4306. 

 

75.  Dang CV. Cancer Cell Metabolism: There Is No ROS for the Weary. Cancer Discovery 
2012; 2:304–307. 

 

76.  Wu G, Fang Y-Z, Yang S, Lupton JR, Turner ND. Glutathione metabolism and its 
implications for health. J Nutr 2004; 134:489–492. 

 



 43 

77.  Lo M, Wang Y-Z, Gout PW. The xc− cystine/glutamate antiporter: A potential target for 
therapy of cancer and other diseases. J Cell Physiol 2008; 215:593–602. 

 

78.  Amelio I, Cutruzzolá F, Antonov A, Agostini M, Melino G. Serine and glycine metabolism 
in cancer. Trends in Biochemical Sciences 2014; 39:191–198. 

 

79.  Antonov A, Agostini M, Morello M, Minieri M, Melino G, Amelio I. Bioinformatics 
analysis of the serine and glycine pathway in cancer cells. Oncotarget 2014; 5:11004–
11013. 

 

80.  Shelly C. Lu. Regulation of glutathione synthesis. Molecular Aspects of Medicine 2009; 
30:42–59. 

 

81.  Bause AS, Haigis MC. SIRT3 regulation of mitochondrial oxidative stress. Exp Gerontol 
2013; 48:634–639. 

 

82.  Shaw JP, Chou IN. Elevation of intracellular glutathione content associated with mitogenic 
stimulation of quiescent fibroblasts. J Cell Physiol 1986; 129:193-198. 

 

83.  Poot M, Teubert H, Rabinovitch PS, Kavanagh TJ. De novo synthesis of glutathione is 
required for both entry into and progression through the cell cycle. J Cell Physiol 1995; 
163:555–560. 

 

84.  Sato H, Tamba M, Ishii T, Bannai S. Cloning and expression of a plasma membrane 
cystine/glutamate exchange transporter composed of two distinct proteins. J Biol Chem 
1999; 274:11455–11458. 

 

85.  Huang ZZ, Chen C, Zeng Z, et al. Mechanism and significance of increased glutathione 
level in human hepatocellular carcinoma and liver regeneration. FASEB J 2001; 15:19-21. 

 

 



 44 

86.  Rahman I, Bel A, Mulier B, et al. Transcriptional regulation of gamma-glutamylcysteine 
synthetase-heavy subunit by oxidants in human alveolar epithelial cells. Biochemical and 
Biophysical Research Communications 1996; 229:832–837. 

 

87.  Wild AC, Mulcahy RT. Regulation of gamma-glutamylcysteine synthetase subunit gene 
expression: insights into transcriptional control of antioxidant defenses. Free Radic Res 
2000; 32:281–301. 

 

88.  Biroccio A, Benassi B, Fiorentino F, Zupi G. Glutathione depletion induced by c-Myc 
downregulation triggers apoptosis on treatment with alkylating agents. Neoplasia 2004; 
6:195–206. 

 

89.  Benassi B, Fanciulli M, Fiorentino F, et al. c-Myc phosphorylation is required for cellular 
response to oxidative stress. Molecular Cell 2006; 21:509–519. 

 

90.  Benassi B, Zupi G, Biroccio A. Gamma-glutamylcysteine synthetase mediates the c-Myc-
dependent response to antineoplastic agents in melanoma cells. Mol Pharmacol 2007; 
72:1015–1023. 

 

91.  DeNicola GM, Karreth FA, Humpton TJ, et al. Oncogene-induced Nrf2 transcription 
promotes ROS detoxification and tumorigenesis. Nature 2011; 475:106–109. 

 

92.  Lien EC, Lyssiotis CA, Juvekar A, et al. Glutathione biosynthesis is a metabolic 
vulnerability in PI(3)K/Akt-driven breast cancer. Nat Cell Biol 2016; 18:572–578. 

 

93.  Gorrini C, Harris IS, Mak TW. Modulation of oxidative stress as an anticancer strategy. 
Nat Rev Drug Discov 2013; 12:931–947. 

 

94.  Love DC, Hanover JA. The hexosamine signaling pathway: deciphering the "O-GlcNAc 
code". Sci STKE 2005; 2005:re13. 

 

95.  Buse MG. Hexosamines, insulin resistance, and the complications of diabetes: current 



 45 

status. Am J Physiol Endocrinol Metab 2006; 290:E1–E8. 

 

96.  Marshall S, Bacote V, Traxinger RR. Discovery of a metabolic pathway mediating 
glucose-induced desensitization of the glucose transport system. Role of hexosamine 
biosynthesis in the induction of insulin resistance. J Biol Chem 1991; 266:4706–4712. 

 

97.  Wellen KE, Lu C, Mancuso A, et al. The hexosamine biosynthetic pathway couples growth 
factor-induced glutamine uptake to glucose metabolism. Genes & Development 2010; 
24:2784–2799. 

 

98.  Budczies J, Denkert C, Müller BM, et al. Remodeling of central metabolism in invasive 
breast cancer compared to normal breast tissue - a GC-TOFMS based metabolomics study. 
BMC Genomics 2012; 13:334. 

 

99.  Denkert C, Bucher E, Hilvo M, et al. Metabolomics of human breast cancer: new 
approaches for tumor typing and biomarker discovery. Genome Med 2012; 4:37. 

 

100.  Kung H-N, Marks JR, Chi J-T. Glutamine synthetase is a genetic determinant of cell type-
specific glutamine independence in breast epithelia. PLoS Genet 2011; 7:e1002229. 

 

101.  Timmerman LA, Holton T, Yuneva M, et al. Glutamine sensitivity analysis identifies the 
xCT antiporter as a common triple-negative breast tumor therapeutic target. Cancer Cell 
2013; 24:450–465. 

 

102.  Horiuchi D, Kusdra L, Huskey NE, et al. MYC pathway activation in triple-negative breast 
cancer is synthetic lethal with CDK inhibition. J Exp Med 2012; 209:679–696. 

 

103.  Korangath P, Teo WW, Sadik H, et al. Targeting Glutamine Metabolism in Breast Cancer 
with Aminooxyacetate. Clin Cancer Res 2015; 21:3263–3273. 

 

104.  Gross MI, Demo SD, Dennison JB, et al. Antitumor activity of the glutaminase inhibitor 
CB-839 in triple-negative breast cancer. Mol Cancer Ther 2014; 13:890–901. 



 46 

 

105.  Wang R, Dillon CP, Shi LZ, et al. The transcription factor Myc controls metabolic 
reprogramming upon T lymphocyte activation. Immunity 2011; 35:871–882. 

 

106.  Pearce EL, Pearce EJ. Metabolic pathways in immune cell activation and quiescence. 
Immunity 2013; 38:633–643. 

 

107.  Levine AJ, Puzio-Kuter AM. The Control of the Metabolic Switch in Cancers by 
Oncogenes and Tumor Suppressor Genes. Science 2010; 330:1340–1344. 

 

108.  Liang Y, Liu J, Feng Z. The regulation of cellular metabolism by tumor suppressor p53. 
Cell Biosci 2013; 3:9. 

 

109.  Düvel K, Yecies JL, Menon S, et al. Activation of a Metabolic Gene Regulatory Network 
Downstream of mTOR Complex 1. Molecular Cell 2010; 39:171–183. 

 

110.  Ying H, Kimmelman AC, Lyssiotis CA, et al. Oncogenic Kras Maintains Pancreatic 
Tumors through Regulation of Anabolic Glucose Metabolism. Cell 2012; 149:656–670. 

 

111.  Csibi A, Lee G, Yoon S-O, et al. The mTORC1/S6K1 pathway regulates glutamine 
metabolism through the eIF4B-dependent control of c-Myc translation. Curr Biol 2014; 
24:2274–2280. 

 

112.  Mitsuishi Y, Taguchi K, Kawatani Y, et al. Nrf2 Redirects Glucose and Glutamine into 
Anabolic Pathways in Metabolic Reprogramming. Cancer Cell 2012; 22:66–79. 

 

113.  Liang Q, Benavides GA, Vassilopoulos A, Gius D, Darley Usmar V, Zhang J. Bioenergetic 
and autophagic control by Sirt3 in response to nutrient deprivation in mouse embryonic 
fibroblasts. Biochem J 2013; 454:249–257. 

114.  Downward J. Targeting RAS signalling pathways in cancer therapy. Nat Rev Cancer 2003; 
3:11–22. 



 47 

 

115.  Sears R, Nuckolls F, Haura E, Taya Y, Tamai K, Nevins JR. Multiple Ras-dependent 
phosphorylation pathways regulate Myc protein stability. Genes & Development 2000; 
14:2501–2514. 

 

116.  Gaglio D, Metallo CM, Gameiro PA, et al. Oncogenic K-Ras decouples glucose and 
glutamine metabolism to support cancer cell growth. Mol Syst Biol 2011; 7:523. 

 

117.  Courtney KD, Corcoran RB, Engelman JA. The PI3K Pathway As Drug Target in Human 
Cancer. Journal of Clinical Oncology 2010; 28:1075–1083. 

 

118.  Hers I, Vincent EE, Tavaré JM. Akt signalling in health and disease. Cellular Signalling 
2011; 23:1515–1527. 

 

119.  Bellacosa A, Kumar CC, Di Cristofano A, Testa JR. Activation of AKT kinases in cancer: 
implications for therapeutic targeting. Adv Cancer Res 2005; 94:29–86. 

 

120.  Martini M, De Santis MC, Braccini L, Gulluni F, Hirsch E. PI3K/AKT signaling pathway 
and cancer: an updated review. Ann Med 2014; 46:372–383. 

 

121.  Chang Y. KGF induces lipogenic genes through a PI3K and JNK/SREBP-1 pathway in 
H292 cells. The Journal of Lipid Research 2005; 46:2624–2635. 

 

122.  Yecies JL, Manning BD. mTOR links oncogenic signaling to tumor cell metabolism. J Mol 
Med 2011; 89:221–228. 

 

123.  Menon S, Manning BD. Common corruption of the mTOR signaling network in human 
tumors. Oncogene 2008; 27 Suppl 2:S43–51. 

124.  Guertin DA, Sabatini DM. An expanding role for mTOR in cancer. Trends in Molecular 
Medicine 2005; 11:353–361. 

 



 48 

125.  Laplante M, Sabatini DM. mTOR signaling at a glance. Journal of Cell Science 2009; 
122:3589–3594. 

 

126.  Roux PP, Ballif BA, Anjum R, Gygi SP, Blenis J. Tumor-promoting phorbol esters and 
activated Ras inactivate the tuberous sclerosis tumor suppressor complex via p90 
ribosomal S6 kinase. Proc Natl Acad Sci USA 2004; 101:13489–13494. 

 

127.  Tsai W-B, Aiba I, Long Y, et al. Activation of Ras/PI3K/ERK pathway induces c-Myc 
stabilization to upregulate argininosuccinate synthetase, leading to arginine deiminase 
resistance in melanoma cells. Cancer Res 2012; 72:2622–2633. 

 

128.  Nicklin P, Bergman P, Zhang B, et al. Bidirectional Transport of Amino Acids Regulates 
mTOR and Autophagy. Cell 2009; 136:521–534. 

 

129.  Gwinn DM, Shackelford DB, Egan DF, et al. AMPK phosphorylation of raptor mediates a 
metabolic checkpoint. Molecular Cell 2008; 30:214–226. 

 

130.  Yecies JL, Manning BD. Transcriptional Control of Cellular Metabolism by mTOR 
Signaling. Cancer Res 2011; 71:2815–2820. 

 

131.  Jung CH, Jun CB, Ro S-H, et al. ULK-Atg13-FIP200 complexes mediate mTOR signaling 
to the autophagy machinery. Molecular Biology of the Cell 2009; 20:1992–2003. 

 

132.  Ben-Sahra I, Howell JJ, Asara JM, Manning BD. Stimulation of de Novo Pyrimidine 
Synthesis by Growth Signaling Through mTOR and S6K1. Science 2013; 339:1323–1328. 

 

133.  Nilsson R, Jain M, Madhusudhan N, et al. Metabolic enzyme expression highlights a key 
role for MTHFD2 and the mitochondrial folate pathway in cancer. Nat Commun 2014; 
5:3128. 

 

134.  Ben-Sahra I, Hoxhaj G, Ricoult SJH, Asara JM, Manning BD. mTORC1 induces purine 
synthesis through control of the mitochondrial tetrahydrofolate cycle. Science 2016; 



 49 

351:728–733. 

 

135.  Denko NC. Hypoxia, HIF1 and glucose metabolism in the solid tumour. Nat Rev Cancer 
2008; 8:705–713. 

 

136.  Semenza GL. HIF-1: upstream and downstream of cancer metabolism. Current Opinion in 
Genetics & Development 2010; 20:51–56. 

 

137.  Jones NP, Schulze A. Targeting cancer metabolism – aiming at a tumour's sweet-spot. 
Drug Discovery Today 2012; 0:1–10. 

 

138.  Dang CV. MYC, Metabolism, Cell Growth, and Tumorigenesis. Cold Spring Harbor 
Perspectives in Medicine 2013; 3:a014217. 

 

139.  Schulze A, Harris AL. How cancer metabolism is tuned for proliferation and vulnerable to 
disruption. Nature 2012; 491:364–373. 

 

140.  Selak MA, Armour SM, MacKenzie ED, et al. Succinate links TCA cycle dysfunction to 
oncogenesis by inhibiting HIF-alpha prolyl hydroxylase. Cancer Cell 2005; 7:77–85. 

 

141.  Kaelin WG, Thompson CB. Q&A: Cancer: clues from cell metabolism. Nature 2010; 
465:562–564. 

 

142.  Marxsen JH, Stengel P, Doege K, et al. Hypoxia-inducible factor-1 (HIF-1) promotes its 
degradation by induction of HIF-alpha-prolyl-4-hydroxylases. Biochem J 2004; 381:761–
767. 

 

143.  Zhong H, De Marzo AM, Laughner E, et al. Overexpression of hypoxia-inducible factor 1 
alpha in common human cancers and their metastases. Cancer Res 1999; 59:5830–5835. 

 



 50 

144.  Kaelin WG. Molecular basis of the VHL hereditary cancer syndrome. Nat Rev Cancer 
2002; 2:673–682. 

 

145.  Tomlinson IPM, Alam NA, Rowan AJ, et al. Germline mutations in FH predispose to 
dominantly inherited uterine fibroids, skin leiomyomata and papillary renal cell cancer. Nat 
Genet 2002; 30:406–410. 

 

146.  Baysal BE, Willett-Brozick JE, Filho PAA, Lawrence EC, Myers EN, Ferrell RE. An Alu-
mediated partial SDHC deletion causes familial and sporadic paraganglioma. J Med Genet 
2004; 41:703–709. 

 

147.  Kim J-W, Tchernyshyov I, Semenza GL, Dang CV. HIF-1-mediated expression of 
pyruvate dehydrogenase kinase: a metabolic switch required for cellular adaptation to 
hypoxia. Cell Metabolism 2006; 3:177–185. 

 

148.  Papandreou I, Cairns RA, Fontana L, Lim AL, Denko NC. HIF-1 mediates adaptation to 
hypoxia by actively downregulating mitochondrial oxygen consumption. Cell Metabolism 
2006; 3:187–197. 

 

149.  Liu Y-C, Li F, Handler J, et al. Global regulation of nucleotide biosynthetic genes by c-
Myc. PLoS ONE 2008; 3:e2722. 

 

150.  Lin CY, Lovén J, Rahl PB, et al. Transcriptional amplification in tumor cells with elevated 
c-Myc. Cell 2012; 151:56–67. 

 

151.  Miller DM, Thomas SD, Islam A, Muench D, Sedoris K. c-Myc and Cancer Metabolism. 
Clinical Cancer Research 2012; 18:5546–5553. 

 

152.  Nie Z, Hu G, Wei G, et al. c-Myc is a universal amplifier of expressed genes in 
lymphocytes and embryonic stem cells. Cell 2012; 151:68–79. 

 

153.  Sun Q, Chen X, Ma J, et al. Mammalian target of rapamycin up-regulation of pyruvate 



 51 

kinase isoenzyme type M2 is critical for aerobic glycolysis and tumor growth. Proc Natl 
Acad Sci USA 2011; 108:4129–4134. 

 

154.  Yuneva M, Zamboni N, Oefner P, Sachidanandam R, Lazebnik Y. Deficiency in glutamine 
but not glucose induces MYC-dependent apoptosis in human cells. The Journal of Cell 
Biology 2007; 178:93–105. 

 

155.  Gao P, Tchernyshyov I, Chang T-C, et al. c-Myc suppression of miR-23a/b enhances 
mitochondrial glutaminase expression and glutamine metabolism. Nature 2009; 458:762–
765. 

 

156.  Haigis MC, Guarente LP. Mammalian sirtuins--emerging roles in physiology, aging, and 
calorie restriction. Genes & Development 2006; 20:2913–2921. 

 

157.  Houtkooper RH, Pirinen E, Auwerx J. Sirtuins as regulators of metabolism and healthspan. 
Nat Rev Mol Cell Biol 2012; 13:225–238. 

 

158.  Sebastian C, Satterstrom FK, Haigis MC, Mostoslavsky R. From Sirtuin Biology to Human 
Diseases: An Update. Journal of Biological Chemistry 2012; 287:42444–42452. 

 

159.  Roth M, Chen WY. Sorting out functions of sirtuins in cancer. Oncogene 2014; 33:1609–
1620. 

 

160.  Frye RA. Characterization of five human cDNAs with homology to the yeast SIR2 gene: 
Sir2-like proteins (sirtuins) metabolize NAD and may have protein ADP-ribosyltransferase 
activity. Biochemical and Biophysical Research Communications 1999; 260:273–279. 

 

161.  Park J, Chen Y, Tishkoff DX, et al. SIRT5-Mediated Lysine Desuccinylation Impacts 
Diverse Metabolic Pathways. Molecular Cell 2013; 50:919–930. 

 

162.  Bao X, Wang Y, Li X, et al. Identification of “erasers” for lysine crotonylated histone 
marks using a chemical proteomics approach. van der Donk W, ed. eLife Sciences 2014; 



 52 

3:e02999. 

 

163.  Easlon E, Tsang F, Skinner C, Wang C, Lin S-J. The malate-aspartate NADH shuttle 
components are novel metabolic longevity regulators required for calorie restriction-
mediated life span extension in yeast. Genes & Development 2008; 22:931–944. 

 

164.  Kincaid B, Bossy-Wetzel E. Forever young: SIRT3 a shield against mitochondrial 
meltdown, aging, and neurodegeneration. Front Aging Neurosci 2013; 5:48. 

 

165.  Finley LWS, Haigis MC. Metabolic regulation by SIRT3: implications for tumorigenesis. 
Trends in Molecular Medicine 2012; 18:516–523. 

 

166.  Lombard DB, Alt FW, Cheng HL, et al. Mammalian Sir2 Homolog SIRT3 Regulates 
Global Mitochondrial Lysine Acetylation. Molecular and Cellular Biology 2007; 27:8807–
8814. 

 

167.  Hebert AS, Dittenhafer-Reed KE, Yu W, et al. Calorie restriction and SIRT3 trigger global 
reprogramming of the mitochondrial protein acetylome. Molecular Cell 2013; 49:186–199. 

 

168.  Ahn B-H, Kim H-S, Song S, et al. A role for the mitochondrial deacetylase Sirt3 in 
regulating energy homeostasis. Proc Natl Acad Sci USA 2008; 105:14447–14452. 

 

169.  Finley LWS, Haas W, Desquiret-Dumas V, et al. Succinate dehydrogenase is a direct 
target of Sirtuin 3 deacetylase activity. PLoS ONE 2011; 6:e23295. 

 

170.  Jing E, O'Neill BT, Rardin MJ, et al. Sirt3 regulates metabolic flexibility of skeletal muscle 
through reversible enzymatic deacetylation. Diabetes 2013; 62:3404–3417. 

 

171.  Ozden O, Park S-H, Wagner BA, et al. SIRT3 deacetylates and increases pyruvate 
dehydrogenase activity in cancer cells. Free Radic Biol Med 2014; 76:163–172. 

 



 53 

172.  Hirschey MD, Shimazu T, Goetzman E, et al. SIRT3 regulates mitochondrial fatty-acid 
oxidation by reversible enzyme deacetylation. Nature 2010; 464:121–125. 

 

173.  Bharathi SS, Zhang Y, Mohsen A-W, et al. Sirtuin 3 (SIRT3) protein regulates long-chain 
acyl-CoA dehydrogenase by deacetylating conserved lysines near the active site. Journal of 
Biological Chemistry 2013; 288:33837–33847. 

 

174.  Schlicker C, Gertz M, Papatheodorou P, Kachholz B, Becker CFW, Steegborn C. 
Substrates and regulation mechanisms for the human mitochondrial sirtuins Sirt3 and Sirt5. 
J Mol Biol 2008; 382:790–801. 

 

175.  Hallows WC, Yu W, Smith BC, et al. Sirt3 Promotes the Urea Cycle and Fatty Acid 
Oxidation during Dietary Restriction. Molecular Cell 2011; 41:139–149. 

 

176.  Yang H, Zhou L, Shi Q, Zhao Y, Lin H. SIRT3‐dependent GOT2 acetylation status affects 
the malate–aspartate NADH shuttle activity and pancreatic tumor growth. The EMBO 
Journal 2015; 34:1110-1125. 

 

177.  McDonnell E, Peterson BS, Bomze HM, Hirschey MD. SIRT3 regulates progression and 
development of diseases of aging. Trends Endocrinol Metab 2015; 26:486–492. 

 

178.  Sundaresan NR, Gupta M, Kim G, Rajamohan SB, Isbatan A, Gupta MP. Sirt3 blocks the 
cardiac hypertrophic response by augmenting Foxo3a-dependent antioxidant defense 
mechanisms in mice. J Clin Invest 2009; 119:2758–2771. 

 

179.  Shi T, Fan GQ, Xiao SD. SIRT3 reduces lipid accumulation via AMPK activation in 
human hepatic cells. Journal of Digestive Diseases 2010; 11:55–62. 

 

180.  Jing E, Emanuelli B, Hirschey MD, et al. Sirtuin-3 (Sirt3) regulates skeletal muscle 
metabolism and insulin signaling via altered mitochondrial oxidation and reactive oxygen 
species production. Proc Natl Acad Sci USA 2011; 108:14608–14613. 

 



 54 

181.  Pillai VB, Sundaresan NR, Kim G, et al. Exogenous NAD Blocks Cardiac Hypertrophic 
Response via Activation of the SIRT3-LKB1-AMP-activated Kinase Pathway. Journal of 
Biological Chemistry 2010; 285:3133–3144. 

 

182.  Pillai VB, Sundaresan NR, Gupta MP. Regulation of Akt Signaling by Sirtuins: Its 
Implication in Cardiac Hypertrophy and Aging. Circulation Research 2014; 114:368–378. 

 

183.  Shaw RJ, Bardeesy N, Manning BD, et al. The LKB1 tumor suppressor negatively 
regulates mTOR signaling. Cancer Cell 2004; 6:91–99. 

 

184.  Benhar M, Engelberg D, Levitzki A. ROS, stress‐activated kinases and stress signaling in 
cancer. EMBO reports 2002; 3:420–425. 

 

185.  Qiu X, Brown K, Hirschey MD, Verdin E, Chen D. Calorie restriction reduces oxidative 
stress by SIRT3-mediated SOD2 activation. Cell Metabolism 2010; 12:662–667. 

 

186.  Tao R, Coleman MC, Pennington JD, et al. Sirt3-mediated deacetylation of evolutionarily 
conserved lysine 122 regulates MnSOD activity in response to stress. Molecular Cell 2010; 
40:893–904. 

 

187.  Someya S, Yu W, Hallows WC, et al. Sirt3 mediates reduction of oxidative damage and 
prevention of age-related hearing loss under caloric restriction. Cell 2010; 143:802–812. 

 

188.  Chen Y, Zhang J, Lin Y, et al. Tumour suppressor SIRT3 deacetylates and activates 
manganese superoxide dismutase to scavenge ROS. EMBO reports 2011; 12:534–541. 

 

189.  Jacobs KM, Pennington JD, Bisht KS, et al. SIRT3 interacts with the daf-16 homolog 
FOXO3a in the mitochondria, as well as increases FOXO3a dependent gene expression. Int 
J Biol Sci 2008; 4:291–299. 

 

190.  Ashraf N, Zino S, MacIntyre A, et al. Altered sirtuin expression is associated with node-
positive breast cancer. Br J Cancer 2006; 95:1056–1061. 



 55 

 

191.  Kim H-S, Patel K, Muldoon-Jacobs K, et al. SIRT3 is a Mitochondria-Localized Tumor 
Suppressor Required for Maintenance of Mitochondrial Integrity and Metabolism during 
Stress. Cancer Cell 2010; 17:41–52. 

 

192.  Finley LWS, Carracedo A, Lee J, et al. SIRT3 Opposes Reprogramming of Cancer Cell 
Metabolism through HIF1α Destabilization. Cancer Cell 2011; 19:416–428. 

 

193.  Zhang Y-Y, Zhou L-M. Sirt3 inhibits hepatocellular carcinoma cell growth through 
reducing Mdm2-mediated p53 degradation. Biochemical and Biophysical Research 
Communications 2012; 423:26–31. 

 

194.  Xiao K, Jiang J, Wang W, et al. Sirt3 is a tumor suppressor in lung adenocarcinoma cells. 
Oncol Rep 2013; 30:1323–1328. 

 

195.  Huang K-H, Hsu C-C, Fang W-L, et al. SIRT3 expression as a biomarker for better 
prognosis in gastric cancer. World J Surg 2014; 38:910–917. 

 

196.  Jeong SM, Lee J, Finley LWS, Schmidt PJ, Fleming MD, Haigis MC. SIRT3 regulates 
cellular iron metabolism and cancer growth by repressing iron regulatory protein 1. 
Oncogene 2015; 16:2115-2124. 

 

197.  Song C-L, Tang H, Ran L-K, et al. Sirtuin 3 inhibits hepatocellular carcinoma growth 
through the glycogen synthase kinase-3β/BCL2-associated X protein-dependent apoptotic 
pathway. Oncogene 2016; 35:631–641. 

 

198.  Alhazzazi TY, Kamarajan P, Verdin E, Kapila YL. SIRT3 and cancer: tumor promoter or 
suppressor? Biochim Biophys Acta 2011; 1816:80–88. 

 

199.  Alhazzazi TY, Kamarajan P, Joo N, et al. Sirtuin-3 (SIRT3), a novel potential therapeutic 
target for oral cancer. Cancer 2011; 117:1670–1678. 

 



 56 

200.  Bell EL, Emerling BM, Ricoult SJH, Guarente L. SirT3 suppresses hypoxia inducible 
factor 1α and tumor growth by inhibiting mitochondrial ROS production. Oncogene 2011; 
30:2986–2996. 

 

201.  Yu W, Dittenhafer-Reed KE, Denu JM. SIRT3 protein deacetylates isocitrate 
dehydrogenase 2 (IDH2) and regulates mitochondrial redox status. Journal of Biological 
Chemistry 2012; 287:14078–14086. 

 

202.  Schumacker PT. Reactive oxygen species in cancer cells: Live by the sword, die by the 
sword. Cancer Cell 2006; 10:175–176. 

 

203.  Sena LA, Chandel NS. Physiological Roles of Mitochondrial Reactive Oxygen Species. 
Molecular Cell 2012; 48:158–167. 

 

204.  Schieber M, Chandel NS. ROS function in redox signaling and oxidative stress. Curr Biol 
2014; 24:R453–462. 



CHAPTER II 

 

Small molecule screen identifies nucleotide metabolism as a vulnerability in breast cancers 

with low SIRT3  

Karina N. Gonzalez Herrera,1,2 Yoshinori Ishikawa,1,2,a Haejin Yoon,1,2 Elma Zaganjor,1,2 

Jaewon J. Lee,1,2,b Jia-Ren Lin,3 Daniel Santos,1,2 Kyle Satterstrom,1,2,4 Alison Ringel,1,2 John M. 

Asara,5 Clary B. Clish,4 Peter K. Sorger,3,6 and Marcia C. Haigis1,2 

1Department of Cell Biology, Harvard Medical School, Boston, MA 02115 

2The Paul F. Glenn Labs for Biological Mechanisms of Aging 

3HMS LINCS Center & Laboratory of Systems Pharmacology, Harvard Medical School, Boston, 

MA 02115 

4Broad Institute of MIT and Harvard, Cambridge, MA 02142, USA 

5Division of Signal Transduction, Department of Medicine, Beth Israel Deaconess Medical 

Center, Boston, MA 02115 

6Department of Systems Biology, Harvard Medical School, Boston, MA 02115 

aPresent address: Oncology Drug Discovery Unit, Pharmaceutical Research Division, Takeda 

Pharmaceutical Company Limited, 26-1, Muraoka-Higashi 2-chome, Fujisawa 251-8555, Japan 

bPresent address: Department of Surgery, Cedars-Sinai Medical Center, Los Angeles, CA 90048 

 

 
This work is a revised version of a manuscript that will be submitted for publication. The 
experiments described in this chapter were performed by Karina Gonzalez, with assistance from 
Yoshinori Ishikawa (performed the small molecule screen), Haejin Yoon (xenografts), Elma 
Zaganjor (radioactivity assays), Jaewon Lee (Oncomine analysis), Jia-Ren Lin (cyclic 
immunofluorescence), Daniel Santos (assistance with microscopy), Kyle Satterstrom (nutrient 
uptake analysis – Figure 3D), Alison Ringel (bioinformatics analysis) and John Asara and Clary 
Clish (metabolomics profiling). 



 58 

2.1 Abstract 

Oncogenes and tumor suppressors underlie metabolic reprogramming to enhance tumor 

survival, growth, and proliferation. The mitochondrial deacetylase sirtuin 3 (SIRT3) has tumor 

suppressive function and represses the Warburg effect. Despite what is known about the role of 

SIRT3 in tumorigenesis, the challenge in translating our findings into developing better therapies 

for treatment of cancer remains. Here, we performed a small molecule screen and identified 

nucleotide metabolism as vulnerability in cells with SIRT3 loss. Deletion of SIRT3 results in 

increased de novo nucleotide synthesis, driven, in part, by hyperactive mechanistic target of 

rapamycin complex 1 (mTORC1) signaling. In breast cancer cells, we show that SIRT3 represses 

3-dimensional (3D) sphere growth and mTORC1 signaling. Moreover, low SIRT3 expression is 

associated with increased mTORC1 activation and nucleotide synthesis gene expression in breast 

tumors. These findings reveal insights into mechanisms by which SIRT3 represses tumor 

metabolism and growth.  

 

2.2 Introduction 

 Tumors cells rely on metabolism of crucial nutrients, such as glucose and glutamine for 

growth, proliferation, and survival [1-4]. In fact, deregulated metabolism of these nutrients is a 

hallmark of cancer cells and is key to production of building blocks, such as nucleotides, amino 

acids, and lipids, necessary to generate new cells during proliferation [5-7]. Oncogenes, tumors 

suppressors, and aberrant signaling have been shown to underlie the metabolic switch observed 

in cancer [4,8-10].  

Mitochondria are the metabolic hub of the cell, and many of the metabolic pathways 

reprogrammed in cancer are coordinated by this key organelle. The mitochondrial sirtuin 3 

(SIRT3) is a potent deacetylase and a major regulator of multiple facets of biology [11-14]. 
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SIRT3 resides in the mitochondria where it maintains cellular homeostasis by deacetylating and 

activating its targets to promote activation of mitochondrial metabolic pathways, energy 

generation, and protection against oxidative stress. For instance, SIRT3 induces fatty acid 

oxidation, amino acid catabolism, and ammonia detoxification by deacetylating and activating 

enzymes in these pathways [15-18]. Additionally, SIRT3 promotes ATP production by activating 

multiple components of the electron transport chain [19-23]. Lastly, SIRT3 protects against 

oxidative stress by stimulating clearance of reactive oxygen species (ROS) via activation of 

manganese superoxide dismutase 2 (SOD2) and isocitrate dehydrogenase 2 (IDH2) [24-31].  

Numerous studies have unveiled the role of SIRT3 as a tumor suppressor in various types 

of cancer – especially in breast cancer [1,28,32-41]. Many cancer cells with loss or decreased 

expression of SIRT3 exhibit tumor-like phenotypes, such as metabolic rewiring, increased 

proliferation, and increased xenograft tumor size [28,32,36,42]. In fact, SIRT3 represses 

tumorigenesis by suppressing a major arm of tumor metabolism, glycolysis. For example in 

breast cancer cells, SIRT3 represses glycolysis by decreasing ROS to destabilize hypoxia 

inducible factor 1 (HIF1), which contributes to reprogramming of this metabolic pathway 

[28,36,42]. Deletion of the SIRT3 locus has been observed across multiple types of human 

tumors where SIRT3 overexpression suppresses tumorigenesis.  

However, beyond glycolysis, other nodes of metabolism regulated by SIRT3 in cancers 

are poorly defined. Moreover, although low SIRT3 activity is a feature of many breast cancers, 

there is no pharmacological intervention to target tumors with low SIRT3 levels. Therefore, with 

the push for personalized medicine, developing a better understanding of the mechanism(s) 

employed by tumor cells with decreased levels of SIRT3 is key to identifying new vulnerabilities 

and potential therapeutic targets to treat these cancers. Given that SIRT3 loss mirrors phenotypes 
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of cancer cells, in this study, we took a chemical biology approach and performed a small 

molecule screen to identify targetable pathways to selectively inhibit SIRT3 KO cell 

proliferation. Our goal was to identify novel vulnerabilities in tumors with low SIRT3, as well as 

to gain basic mechanistic insights into additional pathways regulated by this sirtuin. 

 

2.3 Results 

Small molecule screen identifies increased dependency on glutamine in SIRT3 KO cells 

In order to identify novel vulnerabilities in cells with low SIRT3, we performed a high 

throughput small molecule screen using immortalized wild type (WT) and SIRT3 KO MEFs, 

which we have previously shown to recapitulate the metabolic reprogramming observed in tumor 

cells lacking SIRT3 [28,43-45]. We screened the known bioactives library at the Harvard 

Institute of Chemistry and Cell Biology (ICCB) Longwood screening facility, in order to identify 

compounds which selectively inhibited the growth of SIRT3 null cells, compared with WT cells 

(Figure 2.1A). Of approximately 8,000 compounds tested, 108 passed our screening criteria to 

inhibit the growth of SIRT3 KO MEFs by 50% more than WT MEFs, without decreasing WT 

cell viability below 20% (Figure 2.1B, Table S2.1). From these, 50 compounds were validated in 

a dose response curve (Figure S2.1A-D). Notably, the top scoring compound was azaserine, 

which inhibited the growth of SIRT3 KO cells with an IC50 of 2.9 µM, which was 10 fold lower 

than WT MEFs. As azaserine is structurally similar to glutamine, and SIRT3 loss is associated 

with fuel reprogramming, we hypothesized that the identification of azaserine in this screen may 

highlight a dependency in glutamine metabolism in SIRT3 KO MEFs (Figure 2.1C). We tested 

this idea using a multifaceted approach. First, we treated cells with another glutamine analog, 6- 

diazo-5-oxo-L-norleucine (DON), and found that DON likewise inhibits proliferation in SIRT3 
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 Figure 2.1. Chemical screen identifies glutamine metabolism as a vulnerability in SIRT3 
KO cells. (A) Layout of experimental design for the small molecule screen. (B) Primary screen 
data highlighting the top 5 compounds inhibiting SIRT3 KO cell growth. (C) Schematic of the 
structures of glutamine and its analogs, azaserine and 6-Diazo-5-oxo-L-norleucine (DON).  
(D) Dose response curves of WT and SIRT3 KO MEF growth after treatment with azaserine or 
(E) DON for 72 hours. (F) Cell viability measured by propidium iodide incorporation in WT and 
SIRT3 KO MEFs after 72 hours of glutamine deprivation. (G) Relative growth of WT and SIRT3 
KO MEFs treated with 30 µM azaserine compared to control for 4 days. 
(H) Clonogenic growth assay of Kras (G12V) transformed WT and SIRT3 KO MEFs treated 
with DMSO (as a control) or 30 µM azaserine for 8 days. (I) Quantification of colony formation 
assay using ImageJ to calculate the area of each well covered by WT or SIRT3 KO MEF 
colonies (n = 3). (J) Glutamine uptake and (K) ammonium production in WT or SIRT3 KO 
MEFs after 24 hours. 
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KO MEFs to a greater extent compared to WT MEFs (Figure 2.1D-E). Next, we probed whether 

SIRT3 null cells were more susceptible to glutamine deprivation. Indeed, SIRT3 KO MEFs died 

15% more compared to WT cells when deprived of glutamine (Figure 2.1F). To assess the role of 

azaserine in regulating proliferation, we examined growth in the presence of azaserine, which 

preferentially inhibited SIRT3 KO MEF proliferation (Figure 2.1G). Last, to determine the effect 

of azaserine on tumorigenic potential, we performed colony formation assays using K-Ras 

transformed SIRT3 WT and KO MEFs. Consistent with previous findings, SIRT3 KO MEFs 

formed more colonies than WT MEFs [1,44]. Although azaserine slightly decreased the number 

of colonies formed by WT cells, it was apparent that azaserine significantly decreased the 

number of colonies formed by SIRT3 KO cells (Figure 2.1H-I). These findings suggested an 

increased reliance of SIRT3 KO cells on glutamine for survival and proliferation and a potential 

deregulation of glutamine usage. 

 

SIRT3 loss results in altered glutamine usage 

To probe whether glutamine utilization was altered by SIRT3, we examined fuel uptake. 

Indeed, we observed an increase in glutamine consumption in SIRT3 KO MEFs compared to 

WT MEFs (Figure 2.1J). Glutamine can be metabolized to fuel the TCA cycle where 

glutaminase (GLS) converts glutamine to glutamate, the substrate of glutamate dehydrogenase 

(GDH) to generate a-ketoglutarate, both steps which generate ammonium. In addition, SIRT3 

KO MEFs secreted higher amounts of ammonia compared to WT MEFs, consistent with the idea 

of increased glutamine metabolism (Figure 2.1K). The same effect was observed upon silencing 

of SIRT3 with lentiviral shRNA in an immortalized breast cell line, MCF10A (Figure S2.1E-F). 

The effect of SIRT3 loss on glutamine consumption is similar to that observed in cells with 
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hyperactive mTOR signaling [1,5,28]. Moreover, stable overexpression of SIRT3 in SIRT3 null 

cells resulted in decreased glutamine uptake and ammonium secretion (Figure S2.1G-H). In sum, 

an unbiased, small molecule screen of sensitivity in SIRT3 KO cells revealed glutamine 

metabolism as a novel metabolic vulnerability in cells with low SIRT3.  

 

Azaserine has a drastic effect on de novo nucleotide synthesis in SIRT3 KO cells 

Glutamine is an anaplerotic substrate that contributes to various nodes of metabolism to 

generate key building blocks, such as nucleotides, nonessential amino acids (NEAAs), and lipids, 

to support proliferation. Considering that glutamine fuels various metabolic pathways, we sought 

to identify the metabolic vulnerability that renders SIRT3 KO cells susceptible to azaserine by 

performing a steady-state metabolomics analysis in WT and SIRT3 KO MEFs. Thus, we first 

examined the acute metabolic response to azaserine after 6 hours to determine the most 

immediate effect of the drug on the cells. The effect of azaserine on the metabolic profile of 

SIRT3 KO cells was dramatic; the levels of 22 metabolites were significantly affected compared 

to only 3 metabolites in WT cells (Table S2.2). Next, to identify the metabolic node most 

significantly affected by azaserine, we utilized MetaboAnalyst 3.0 to perform an unbiased 

metabolic pathway enrichment analysis and identified a profound effect of azaserine on 

nucleotide metabolism, a glutamine-dependent pathway, in SIRT3 KO cells (Figure 2.2A-B and 

S2.2A-B). This was evidenced by the fact that half of the differentially affected metabolites in 

SIRT3 KO MEFs play a role in purine or pyrimidine metabolism (Table S2.2). Treatment with 
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Figure 2.2. Azaserine inhibits increased de novo purine synthesis in SIRT3 KO MEFs. 
(A) Table of the metabolic pathways significantly affected by a 6 hour treatment with 30 µM 
azaserine in SIRT3 KO MEFs. The pathway analysis module in MetaboAnalyst 3.0 was utilized 
for the analysis. (B) Schematic of purine metabolism. Shaded in pink is the de novo purine 
synthesis pathway, and shaded in blue are intermediates in purine degradation or the salvage 
pathway. Blue arrows represent purine salvage pathways. (C) Heat map comparing metabolite 
levels in the presence of absence of azaserine in WT and SIRT3 KO MEFs (n = 4) treated with 
DMSO (control) or 30 µM azaserine for 6 hours. Red indicates upregulation and blue indicates 
downregulation. (D) Relative levels of carboxyaminoimidazole ribonucleotide (CAIR) and (E) 5-
MeTHF in WT and SIRT3 KO MEFs after treatment with 30 µM azaserine for 6 hours.  
(F) Incorporation of 14C-glycine, or (G) 3H-adenine into DNA in WT and SIRT3 KO cells in the 
presence or absence of 30 µM azaserine for 8 hours. (H) Growth of WT and SIRT3 KO MEFs 
with PPAT knockdown relative to control cells and to WT cells with the corresponding PPAT 
shRNA. (I) Relative growth of WT and SIRT3 KO MEFs treated as specified.  
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 azaserine resulted in a significant decrease in the products of de novo purine synthesis, such as 

AMP, ADP, XMP, and 5’-GMP, in SIRT3 KO MEFs (Figure 2.2C). Additionally, levels of a de 

novo purine synthesis intermediate, carboxyaminoimidazole ribonucleotide (CAIR), were 

significantly higher in SIRT3 KO MEFs compared to WT MEFs and significantly decreased in 

SIRT3 KO cells upon treatment with azaserine (Figure 2.2D). These findings are consistent with 

previous studies showing that azaserine inhibits de novo purine synthesis [8,46,47]. 

As pyrimidines complement purines for DNA synthesis, we examined the effect of 

azaserine on pyrimidine metabolism. In addition to reducing de novo purine synthesis 

intermediates, azaserine significantly decreased de novo pyrimidine synthesis intermediates. N-

carbamoyl aspartate, a key intermediate in de novo pyrimidine synthesis was significantly 

increased in SIRT3 KO cells compared to WT cells and significantly depleted by azaserine 

treatment in both WT and SIRT3 KO cells (Figure S2.2B-C). Orotate, another de novo 

pyrimidine synthesis intermediate, was reduced by 50% with azaserine treatment (Figure S2.2D). 

Moreover, folate metabolism, which plays an important role in de novo purine and pyrimidine 

synthesis by contributing to the formation of the purine ring and synthesis of dTMP for DNA 

synthesis, was likewise significantly decreased by azaserine in WT and SIRT3 KO cells (Figure 

2.2E). Surprisingly, in contrast to de novo nucleotide synthesis, pyrimidine salvage intermediates 

were significantly increased by azaserine treatment in SIRT3 KO cells (Figure 2.2C). Taken 

together, our results indicate that azaserine significantly inhibits nucleotide synthesis in SIRT3 

KO cells, with its major effect being suppression of the de novo purine synthesis pathway.  
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SIRT3 loss stimulates de novo nucleotide synthesis 

Given that azaserine suppresses the levels of metabolites in de novo nucleotide synthesis 

in SIRT3 KO MEFs, we hypothesized that SIRT3 may play a role in regulating this metabolic 

pathway. Glycine and aspartate contribute to formation of the purine and pyrimidine rings during 

de novo nucleotide synthesis. Thus, to directly examine whether SIRT3 had an effect on de novo 

purine or pyrimidine synthesis, we measured incorporation of radiolabeled carbon from 14C-

glycine or 14C-aspartate into DNA, respectively. Consistent with increases in de novo purine 

synthesis intermediates, SIRT3 KO cells displayed increased incorporation of radiolabeled 

glycine into DNA (Figure 2.2F). As a control, we measured the incorporation of radiolabeled 

adenine into DNA to assess the purine salvage pathway and global DNA synthesis. No 

difference in the salvage pathway was observed upon stimulation of de novo purine synthesis 

between WT and SIRT3 KO MEFs (Figure 2.2G). Additionally, upon stimulation of de novo 

pyrimidine synthesis, SIRT3 KO MEFs displayed increased incorporation of radiolabeled 

aspartate into DNA compared to WT MEFs (Figure S2.2E). The increase in de novo pyrimidine 

synthesis was accompanied by a slight increase in the pyrimidine salvage pathway based on 

incorporation of radiolabeled thymidine (Figure S2.2F). Moreover, given that azaserine 

decreased de novo purine synthesis intermediates, we probed the effect of azaserine using this 

assay. Azaserine significantly dampened de novo purine synthesis evidenced by decreased 

incorporation of glycine into DNA in both WT and SIRT3 KO cells (Figure 2.2F-G). These 

results show that loss of SIRT3 promotes de novo synthesis of nucleotides – key building blocks 

for DNA and RNA synthesis, which are crucial for proliferation.  
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Inhibition of de novo purine synthesis significantly decreases SIRT3 KO cell proliferation 

 Because the major effect of azaserine was to decrease purine synthesis products, we next 

tested the idea that elevated purine synthesis would provide a proliferative advantage to SIRT3 

KO cells. The first rate-limiting enzyme in de novo purine synthesis is phosphoribosyl 

pyrophosphate amidotransferase (PPAT) [11,13,48]. To determine if SIRT3 KO cells are 

susceptible to inhibition of de novo purine synthesis, we examined the role of PPAT knockdown 

on WT and SIRT3 KO cell proliferation (Figure S2.2G). PPAT knockdown significantly 

decreased proliferation of SIRT3 KO cells compared to WT cells (Figure 2.2H-I). Additionally, 

PPAT knockdown combined with azaserine treatment did not have a further effect on WT or 

SIRT3 KO cells suggesting that a major effect of azaserine on proliferation is via inhibition of 

purine synthesis. Althogether, these findings show that elevated de novo purine synthesis 

contributes to the increased proliferation, especially in the absence of SIRT3.   

 

SIRT3 KO cells have hyperactive mTORC1 signaling  

To better understand the sensitivity of SIRT3 KO cells to azaserine and identify pathways 

significantly altered in SIRT3 KO cells that could be the underlying mechanism of increased 

susceptibility to glutamine metabolism targeted drugs we performed RNA sequencing (RNA 

Seq) of WT and SIRT3 KO MEFs. Using the DESeq2 differential expression algorithm, we 

found differential expression of 2,650 between WT and SIRT3 KO MEFs [1,15,28,36]. We 

utilized MotifADE, a previously described approach to perform an unbiased transcription factor 

binding motif enrichment analysis using the genes that were significantly upregulated or 

downregulated in SIRT3 KO MEFs [19,21,41]. Using this approach we found enrichment of 

binding sites for 11 transcription factors in SIRT3 KO MEFs compared to WT MEFs with an 
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adjusted p-value of less than 0.05 (Table 2.1). Given that SIRT3 loss has been shown to result in 

stabilization of hypoxia inducible factor 1 (HIF1) known to contribute to increased glycolytic 

gene expression, we expected to find enrichment of the HIF1 binding motif, as well as additional 

transcription factors known to contribute to metabolic reprogramming in cancer. In agreement 

with preliminary findings, we found enrichment of Myc and the hypoxia response element to 

which HIF1b binds [1,24,26,28,36]. Furthermore, we identified enrichment of the SREBP 

binding motif in SIRT3 KO cells. These transcription factors have been shown to regulate 

metabolic rewiring in cancer cells and are known to operate downstream of mTORC1 to regulate 

metabolism [32,34,35,49].  

 Given that, in addition to elevated glutamine consumption, nucleotide synthesis, and 

rapid proliferation, SIRT3 KO MEFs have increased glucose metabolism supported by 

stabilization of HIF1 – phenotypes consistent with active mTORC1, we hypothesized that SIRT3 

loss could result in stimulation of the mTORC signaling pathway. To test this, we first examined 

the phosphorylation status of downstream targets of mTORC1 in WT and SIRT3 KO MEFs. As 

a control, we starved WT and SIRT3 KO cells of growth factors to dampen cellular signaling. As 

expected, WT MEFs displayed decreased phosphorylation of downstream mTORC1 targets, such 

as carbamoyl-phosphate synthetase 2, aspartate transcarbamoylase, dihydroorotase (CAD), p70 

S6 kinase (S6K), and ribosomal protein S6 (S6) (Figure 2.3A). Strikingly, SIRT3 KO cells were 

insensitive to growth factor deprivation and had three fold higher mTORC1 signaling compared 

to WT cells under serum starvation (Figure 2.3A). As expected, under basal conditions, in the 

presence of growth factors, we observed phosphorylation of mTORC1 targets in WT cells. In 

contrast to WT cells, SIRT3 KO cells displayed even higher phosphorylation levels. Likewise,  
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knockdown of SIRT3 in MCF10A mammary cells resulted in increased phosphorylation of 

ribosomal protein S6 (Figure S2.3A). Moreover, mTORC1 is known to promote cellular growth, 

and concordant with elevated signaling, SIRT3 KO cells were bigger than WT cells in the 

presence or absence of serum (Figure S3B). Taken together, these data demonstrate that SIRT3 

loss results in hyperactive mTORC1 signaling. 

The mTOR signaling pathway integrates cues from various inputs, such as growth factors 

which activate the phosohoinositide 3-kinase (PI3K) and Ras signaling cascades to activate 

mTORC1. Thus, we probed for substrates of PI3K and Ras signaling to examine whether these 

pathways were altered in the absence of SIRT3. Compared to WT cells, these pathways are 

hyperactivated to the same extent as the mTORC1 pathway in SIRT3 KO cells (Figure S2.3C 

and S2.3D). These results indicate that loss of SIRT3 results in stimulation of PI3K and Ras 

signaling, which converge on the mTORC1 signaling cascade. 

 

Hyperactive mTORC1 signaling in SIRT3 KO cells contributes to alterations in nucleotide 

metabolism 

Next, because the mTORC1 signaling cascade stimulates the expression of genes along 

multiple metabolic pathways that contribute to nucleotide synthesis, such as the pentose 

phosphate pathway (PPP) and one carbon metabolism, we examined the expression of genes in 

these pathways, as well as in the de novo nucleotide synthesis pathways in our RNA Seq data 

[32,42,50,51]. We found that expression of genes in the PPP and de novo purine, and pyrimidine 

synthesis was 1.4 to 3.5 fold higher in the absence of SIRT3 (Figure 2.3C and S2.3E). Strikingly, 

various genes in one carbon metabolism were significantly increased in SIRT3 KO cells 

compared to WT cells (Figure 2.3C and S2.3E). Of the genes in one carbon metabolism,   
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methylenetetrahydrofolate dehydrogenase (MTHFD2), was recently shown to be regulated by 

mTORC1 to stimulate de novo purine synthesis, and in contrast to WT cells, expression of 

MTHFD2 was significantly increased in SIRT3 KO cells [42,52,53]. These results show that 

SIRT3 loss mirrors phenotypes observed in cells with hyperactive mTORC1 signaling.  

Given that mTORC1 regulates de novo nucleotide synthesis, we hypothesized that 

hyperactive mTORC1 signaling in the absence of SIRT3 may contribute to altered nucleotide 

metabolism in these cells. To test this hypothesis, we examined whether elevated mTORC1 

contributed to increased glutamine consumption and rewiring of nucleotide metabolism in the 

absence of SIRT3 by inhibiting mTORC1 signaling using rapamycin (Figure S2.3F). In 

agreement with the fact that mTORC1 promotes glycolysis, inhibition of mTORC1 decreased 

and normalized glucose uptake and decreased lactate production in WT and SIRT3 KO cells 

(Figure S2.3G and S2.3H). Moreover, rapamycin decreased glutamine uptake in WT and SIRT3 

KO cells, thereby abolishing the difference in glutamine usage between these cells (Figure 2.3D). 

Importantly, rapamycin treatment specifically and significantly decreased levels of de novo 

purine and pyrimidine synthesis intermediates in SIRT3 null cells (Figure 2.3E and S2.3I). These 

results suggest that increased mTORC1 signaling in the absence of SIRT3 contributes to 

increased nucleotide synthesis and metabolic reprogramming. 

Because SIRT3 loss stimulates mTORC1 signaling, which promotes anabolic growth and 

proliferation, we next examined whether mTORC1 signaling contributed to increased cell size or 

proliferation in SIRT3 KO cells. Treatment with rapamycin normalized cell size between WT 

and SIRT3 KO cells (Figure S2.3J). However, mTORC1 inhibition did not mitigate the 

difference in proliferation between WT and SIRT3 KO cells (Figure 2.3F). To test whether 

hyperactive mTORC1 contributed to increased susceptibility of SIRT3 KO cells to azaserine, we 
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treated WT and SIRT3 KO MEFs with rapamycin and azaserine and measured proliferation. To 

our surprise, the drug combination modestly decreased WT cell growth, but had no further effect 

on SIRT3 KO cell proliferation when compared to azaserine treatment alone (Figure 2.3F), 

indicating that azaserine may repress proliferation, in part by inhibiting mTORC1. Glutamine 

metabolism has been shown to be necessary for mTORC1 activation [43-45,54,55]. Because 

rapamycin had no further effect on repressing SIRT3 KO cell proliferation when combined with 

azaserine, we examined whether azaserine had an effect on mTORC1 signaling. Indeed, 

azaserine decreased mTORC1 signaling in WT and SIRT3 KO cells, but to a greater extent in 

SIRT3 KO cells (Figure 2.3G). This is consistent with previous findings showing than DON also 

inhibits mTORC1 signaling [28,44]. Taken together, these findings show that increased de novo 

nucleotide synthesis in the absence of SIRT3 is in part due to hyperactive mTORC1 signaling, 

which is suppressed by azaserine.  

 

SIRT3 levels are low in human basal breast tumors 

To determine the relevance of our findings in cancer, we focused on breast cancer where 

previous studies have shown decreased SIRT3 levels in human tumors [1,28,56,57]. Multiple 

studies have identified differences in glutamine metabolism between luminal and basal subtypes 

of breast cancers [46,47,56-58]. Basal-like breast tumors, which tend to be more aggressive and 

have poor prognosis, have decreased levels of SIRT3 compared to luminal breast tumors 

[43,48,59] (Figure 2.4A). Because SIRT3 expression was higher in luminal breast tumors, we 

analyzed the RNA Seq and the reverse phase protein array (RPPA) datasets in the TCGA breast 

tumor data to determine if there was a correlation between SIRT3 mRNA levels and protein 

expression of the receptors used to classify breast cancers. Luminal breast cancers tend to be  
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Figure 2.4. SIRT3 represses mTORC1 signaling and glutamine metabolism in breast cancer in vivo. 
(A) SIRT3 mRNA levels in basal and luminal breast cancers. Red represents high expression and blue 
represents low expression. Expression was determined using the Oncomine cancer microarray database 
(http://www.oncomine.org). (B) Pearson correlations between SIRT3 mRNA levels and proteins levels of 
estrogen receptor (ER), progesterone receptor (PR), human epidermal growth factor receptor 2 (HER2), 
phosphatase and tensin homolog (PTEN) and the transcription factor GATA3, and (C) phospho-protein 
levels of mTORC1 targets, and (D) mRNA expression of one carbon metabolism genes in human breast 
tumors. Gene and protein expression data was obtained from the RNA sequencing (RNA Seq) and the 
reverse phase protein array (RPPA) datasets in The Cancer Genome Atlas (TCGA). Red represents a 
positive association and blue represents a negative association. * represents significance. (E) SIRT3 and 
MTHFD2 mRNA expression in human breast tumors – from the RNA Seq data in TCGA. (F) SIRT3 and 
mitochondrial protein levels in a panel of basal and luminal breast cancer cells. (G) Relative fold change 
of the area of spheres formed by control or SIRT3 MDA-MB-231 cells in 3D culture. The circumference 
of 150-200 spheres per condition was measured using ImageJ. (H) Representative image of nude mice 
injected with control or SIRT3 overexpressing MDA-MB-231 cells. (I) Growth curve of xenograft 
tumors: 2 x 106 control or SIRT3 overexpressing MDA-MB-231 cells were injected into the flanks of 
nude mice (n = 10). (J) Representative images and (K) quantification of the area of spheres formed by 
control or SIRT3 overexpressing MDA-MB-231 cells treated with empty vehicle or 30 µM azaserine. (L) 
Representative images of spheroids formed by control or SIRT3 overexpressing MDA-MB-231 and 
T47D cells treated with DMSO or 100 nM rapamycin. Quantification of the area of spheroids formed by 
control and SIRT3 overexpressing (M) MDA-MB-231 cells treated with DMSO or 100 nM rapamycin in 
3-dimensional (3D) culture. 
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positive for the estrogen receptor (ER), and/or the progesterone receptor (PR), and sometimes the 

human epidermal growth factor receptor (HER2), while basal-like tumors tend to be triple 

negative and lack these receptors. We found a positive correlation between SIRT3 expression 

and expression of luminal breast cancer markers, suggesting that SIRT3 levels are higher in 

luminal breast tumors (Figure 2.4B).  

 

SIRT3 is inversely correlated with mTORC1 signaling in human breast tumors 

Because we observed hyperactive mTORC1 signaling in the absence of SIRT3, we next 

examined TCGA breast tumor data to determine if SIRT3 mRNA expression was associated with 

phosphorylation of proteins activated by mTORC1. We found a significant negative correlation 

between SIRT3 expression and various markers of overactive mTORC1 in human breast tumors 

(Figure 2.4C). Notably, expression of most of the genes in one carbon metabolism was inversely 

correlated with SIRT3 levels (Figure 2.4D). Given that mTORC1 stimulates expression of 

MTHFD2 and that SIRT3 loss results in increased expression of MTHFD2, we examined the 

interaction between SIRT3 and MTHFD2 in breast tumors. We found that tumors with the 

highest expression of MTHFD2 have lower SIRT3 levels, while tumors with higher expression 

of SIRT3 have decreased levels of MTHFD2 (Figure 2.4E). 

Next we investigated the functional consequences of increased or decreased SIRT3 in 

breast cancers. We began by measuring SIRT3 expression in a panel of breast cancer cell lines, 

and in line with our findings in breast tumors, SIRT3 levels were higher in luminal breast cancer 

cell lines compared to basal breast cancer cell lines (Figure 2.4F). As SIRT3 is a mitochondrial 

protein, we assayed additional mitochondrial proteins, such as heat shock protein 60 (HSP60) 

and porin (VDAC), to determine if differences in SIRT3 levels were due to mitochondrial 
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content. Levels of mitochondrial proteins did not match the SIRT3 expression pattern across 

breast cancer subtypes, suggesting that the expression of SIRT3 is independent of mitochondrial 

content. Additionally, because SIRT3 loss resulted in stimulation of mTORC1 signaling, we 

examined the effect of SIRT3 on mTORC1 signaling in T47D and MDA-MB-231 cells (Figure 

S2.4A). SIRT3 overexpression resulted in decreased phospho-S6 signal compared to control 

cells, suggesting that SIRT3 may repress mTORC1 signaling (Figure S2.4B-C). 

 

SIRT3 represses breast cancer cell growth in 3-dimensional (3D) culture and in vivo 

SIRT3 has been shown to have tumor suppressive function. These findings are supported 

by the fact that SIRT3 null mice develop mammary tumors towards a later stage of life, and by 

xenograft studies where cells with loss or decreased SIRT3 expression form bigger tumors 

compared to their control counterparts [1,28,36,60]. Additionally, overexpression of SIRT3 in 

hepatocellular carcinoma cells decreased tumor growth in vivo [28,41]; however, whether SIRT3 

represses growth of breast cancer cells in vivo has not been shown. To address this, we first 

examined proliferation of control or SIRT3 overexpressing MDA-MB-231 or T47D cells in two-

dimensional culture and found no difference in proliferation between control and cells 

overexpressing SIRT3 (Figure S2.4D-E). However, in a three-dimensional (3D) culture system, 

where cells form spherical structures on a layer of Matrigel, SIRT3 overexpression repressed 

sphere growth in MDA-MB-231 and T47D cells (Figure 2.4G and S2.4F). We then performed 

xenograft experiments and found that tumors derived from MDA-MB-231 cells overexpressing 

SIRT3 grew at a slower rate and were 30% smaller than tumors derived from control cells 

(Figure 2.4H-I). These results highlight the role of SIRT3 as a tumor suppressor in breast cancer.  
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Low SIRT3 levels sensitize breast cancer cells to nucleotide synthesis and mTORC1 inhibition 

Our small molecule screen identified inhibition of nucleotide synthesis as a susceptibility 

in cells with SIRT3 loss. Thus, we tested whether this was true in breast cancer cells. 

Overexpression of SIRT3 in MDA-MB-231 and T47D cells represses growth of 3D spheres 

(Figure 2.4J and S2.4G). In agreement with our findings in SIRT3 KO cells, azaserine treatment 

significantly decreased the growth of 3D spheres formed by control cells without having an 

effect on SIRT3 overexpressing breast cancer cells (Figure 2.4J-K and S2.4G-H). Next, we 

examined the effect of mTORC1 inhibition on 3D sphere growth. Rapamycin decreased sphere 

size of control and SIRT3 overexpressing breast cancer cells. These results are in accord with the 

fact that mTORC1 regulates multiple processes to promote cell growth. Importantly, in contrast 

to SIRT3 overexpressing cells, mTORC1 inhibition had a much more drastic effect on repressing 

growth of spheres formed by control breast cancer cells (Figure 2.4L and S2.4I). Taken together, 

our results illustrate that SIRT3 functions as a tumor suppressor in part by repressing mTORC1 

signaling and nucleotide synthesis and that tumors with low SIRT3 may be sensitive to inhibition 

of these pathways. 

 

2.4 Discussion 

In this study, we demonstrate that SIRT3 represses nucleotide metabolism in part by 

dampening mTORC1 signaling to suppress tumor growth. Previous studies have shown that 

SIRT3 loss results in rewiring of glucose metabolism to promote tumorigenesis, and its 

overexpression represses breast cancer cell growth in part by suppressing the Warburg effect 

[1,28,36,61,62]. We show that SIRT3 loss renders cells susceptible to glutamine withdrawal or 

azaserine treatment (Figure 2.1), which decreases de novo purine synthesis, a pathway increased 
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in the absence of SIRT3 (Figure 2.2). SIRT3 inhibits nucleotide synthesis partly via repression of 

the mTORC1 signaling pathway (Figure 2.3). We reveal differences in SIRT3 expression across 

breast tumor subtypes with the more aggressive, basal-like tumors, which tend to have a poor 

prognosis, having decreased SIRT3 expression compared to luminal-like tumors (Figure 2.4). 

SIRT3 expression is inversely correlated with markers of mTORC1 activity in human breast 

tumors, and lastly, we demonstrate that SIRT3 represses mTORC1 signaling and tumor growth 

of breast cancer cells in a xenograft model (Figure 2.4). In sum, our findings uncover repression 

of mTORC1 signaling and nucleotide synthesis as additional mechanisms by which SIRT3 

functions as a tumor suppressor. Moreover, our findings highlight the potential to use SIRT3 

levels to aid in determining breast cancer subtype as well as sensitivity to mTORC1 or 

nucleotide synthesis inhibitors.  

Metabolic rewiring of glutamine-dependent pathways contributes to biomass production 

to support growth and proliferation [49,63]. In this study we show deregulation of a glutamine-

dependent pathway, de novo nucleotide synthesis, in the absence of SIRT3. Moreover, inhibition 

of de novo purine synthesis by a glutamine analog, azaserine, significantly decreases 

proliferation of SIRT3 null cells, suggesting that these cells rely on nucleotide synthesis for 

proliferation. Indeed, nucleotides are essential building blocks necessary for synthesis of nucleic 

acids (DNA and RNA), which code the genetic material of the cell and are crucial components 

for generation of new cells during proliferation. Thus, the strategy of inhibiting nucleic acid 

synthesis to suppress tumorigenesis is well know and several inhibitors of DNA synthesis or 

DNA-damaging agents that stall DNA replication are used to treat cancer [50,51,64]. Moreover, 

additional constituents, such as lipids, energy, and NEAAs, to which glutamine contributes, are 

indispensable to a rapidly dividing cell. Given that SIRT3 is localized to the mitochondria, a key 
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organelle known to contribute to production of such building blocks, SIRT3 is well poised to 

regulate these additional metabolic pathways necessary for proliferation. However, whether 

SIRT3 regulates additional glutamine-dependent metabolic pathways contributing to these 

cellular components remains to be shown.  

Our results are consistent with previous findings that hearts of SIRT3 null mice exhibit 

hyperactive mTORC1 signaling compared to their wild type littermates, which is dampened by 

SIRT3 overexpression in transgenic mice [52,53,64,65]. How SIRT3 regulates mTORC1, or 

upstream signaling pathways that converge on mTORC1, is an area that remains to be 

elucidated; however, one potential mechanism by which SIRT3 may regulate this key nutrient 

sensing pathway is retrograde signaling via modulation of ROS [46,47,54,55]. The regulation of 

glycolysis by SIRT3 via repression of ROS to suppress HIF1 activity is an example of this 

mechanism [28,66]. Additionally, ROS has been shown to be a double-edged sword that can 

promote cell death at high levels or activate signaling pathways [28,56,57]. ROS oxidizes key 

cysteine residues in phosphatases, such as PTEN, which results in its inactivation to increase 

PI3K signaling [56-58,67]. Indeed, increased ROS in the absence of SIRT3 contributes to 

increased activation of mTORC1 signaling since treatment with the antioxidant N-acetylcysteine 

(NAC) decreases mTORC1 signaling in SIRT3 KO cells (data not shown). Additionally, 

mTORC1 is regulated by additional nutrients, such as glucose and amino acids, including 

glutamine; thus, by regulating glucose and potentially glutamine metabolism, SIRT3 may 

regulate mTORC1 signaling [43,59]. 

 Although we show that hyperactive mTORC1 contributes to increased glutamine 

consumption and nucleotide synthesis in cells with SIRT3 loss, additional pathways or 

transcription factors may contribute to rewiring of nucleotide synthesis in these cells. SIRT3 may 
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regulate nucleotide metabolism by directly regulating enzymes along pathways that contribute to 

nucleotide synthesis. SIRT3 may regulate one carbon metabolism by deacetylating serine 

hydroxymethyltransferase (SHMT2), a mitochondrial enzyme known to modulate production of 

glycine and folate, both of which are required for nucleotide synthesis. Alternatively, SIRT3 may 

mitigate additional signaling pathways that contribute to metabolic reprogramming. For instance, 

the transcription factor Myc, is a key regulator of many aspects of cellular biology, one of them 

being metabolism, and has been shown to regulate glutamine usage by directly binding to 

promoters of glutamine transporters to increase their expression [60]. Moreover, the Myc binding 

motif was found to be enriched in our RNA seq data, as well as in SIRT3 null brown adipose 

tissue [28]. Myc regulates expression of various genes in purine and pyrimidine synthesis, 

including expression of the first rate-limiting enzymes in these pathways, PPAT and CAD 

[61,62]. Additionally, Myc regulates the expression of genes in the one carbon metabolism 

pathway, which are important for production of folate and glycine necessary for nucleotide 

synthesis. The PI3K pathway, also hyperactive in the absence of SIRT3, regulates Myc stability 

and has been shown to stimulate purine synthesis [63]. Thus, induction of PI3K or stimulation of 

Myc in the absence of SIRT3 provides additional mechanisms by which SIRT3 loss may 

promote elevated nucleotide synthesis. 

 Lastly, we show that SIRT3 expression is low in basal-like human tumors, which tend to 

be more aggressive and have poor prognosis [64]. The options for treatment of basal-like or 

triple-negative breast cancers are limited, and these tumors tend to develop resistance to 

currently used chemotherapeutic regimens [64,65]. Multiple studies point to elevated glutamine 

consumption in basal-like breast cancer cells as a target for treatment of basal-like breast cancers 

[46,47]. Here we report that loss of SIRT3 results in increased reliance on glutamine for survival, 
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suggesting that SIRT3 expression may be used as a marker to aid in determining breast cancer 

subtype and vulnerabilities in breast cancers. Altogether, our findings further highlight the 

importance of SIRT3 as a mediator of the metabolic switch observed in cancer. 

 

2.5 Experimental Procedures 

Two-dimensional (2D) Cell Culture 

Immortalized SIRT3 WT and KO mouse embryonic fibroblasts (MEFs) were cultured in 

DMEM media supplemented with 10% FBS, penicillin/streptomycin, 2 mM L-glutamine, non-

essential amino acids, and 0.1 mM â-mercaptoethanol. Breast cancer cell lines SUM149, 

HCC1937, HCC1143, MDA-MB-231, MCF7, T47D, CAMA-1, and MDA-MB453 were 

maintained in DMEM media supplemented with 10% FBS, penicillin/streptomycin, and 2 mM 

L-glutamine. MCF10A cells were cultured in 1:1 DMEM/F12 media supplemented with 

penicillin/streptomycin, 5% horse serum, 20 ng/mL EGF, 100 ng/mL cholera toxin, 0.5 mg/mL 

hydrocortisone, and 10 ìg/mL insulin.  

K-Ras transformed WT and SIRT3 KO MEFs were generated by retroviral infection with 

pBabe vector containing K-Ras G12V. SIRT3-overexpressing cells were generated by retroviral 

infection with empty pBabe vector or pBabe vector containing human WT SIRT3 or catalytic 

mutant SIRT3 H248Y with a C-terminal FLAG tag [66]. Knockdown cell lines were generated 

by lentiviral infection with shRNAs obtained from The RNAi Consortium (TRC) at the Broad 

Institute. Clone TRCN0000038892 was used to silence SIRT3 as previously described [28]. 

Clone TRCN0000295367 (sh#1) and TRCN0000295429 (sh#2) were used to silence 

phosphoribosyl pyrophosphate amidotransferase (PPAT). 
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Three-dimensional (3D) Cell Culture 

Three-dimensional cultures using laminin-rich extracellular matrix were prepared as 

previously described with minor modifications [67]. Briefly, 4000-6000 single cells were seeded 

on top of a thin layer of Engelbreth-Holm-Swarm (EHS) tumor extract (Corning Matrigel) to 

which media containing 2% EHS was added. All 3D cultures were maintained for 10-16 days, 

and media was changed every 2 days after day 4. 3D cultures were slightly modified to for 14C-

aspartate and 14C-glycine incorporation assays. Briefly, 5 - 50ìL drops containing 6000 cells 

were plated in a well of a 6-well plate in triplicate. Cells were incubated at 37°C to allow the 

Matrigel to solidify. Media was added to each well to cover the Matrigel drops, and cells were 

incubated for 9 days.  

 

Reagents 

The following antibodies were obtained from Cell Signaling (unless noted otherwise) and 

were used for immunoblotting: SIRT3 (#5490), phospho-MEK (#9121), MEK (# 4694), 

phospho-ERK (#9106), ERK (#9102), phospho-CAD (Ser1859; #12662), CAD (#11933), 

phospho-AKT (Thr308; #13038), AKT (#2920), phospho-S6K (#9234), S6K (#9202), phospho-

S6 (#5364), S6 (#2317), phospho-PRAS40 (# 29975), PRAS40 (#26915), á-tubulin (Santa Cruz 

sc-8035), actin (Sigma A5441), Hsp60 (Abcam ab3080), VDAC (Abcam ab14734), and FLAG 

(Sigma #1804). Cells were treated with Azaserine (Cayman Chemical 14834), insulin (Sigma 

I0516), or rapamycin (Sigma R0395). Radioactive metabolites were purchased from Perkin 

Elmer: U14C-aspartic acid (NEC268E050UC), 5,6-3H-uridine (NET367250UC), 6-3H-thymidine 

(NET355250UC), and U-14C-glycine (NEC276E250UC), and 2,8-3H-adenine (NET063001MC). 
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Glutamine and Ammonium Measurements 

Cells were plated in 6-well plates and allowed to adhere. Cells were washed once with 

PBS prior to change of media. Glutamine and ammonium concentrations in fresh and culture 

media were measured after 8 to 24 hours using the BioProfile FLEX analyzer (NOVA 

Biomedical). Measurements were normalized to cell number. 

 

Metabolite Profiling 

For metabolite profiling, cells were seeded and 24 hours later, media was removed and 

replaced with fresh media 4 hours prior to metabolite extraction. Polar metabolites were 

extracted on dry ice using 80% ice-cold methanol as previously described [28,68]. A duplicate 

experiment was seeded in the same manner as for metabolite profiling to extract protein using a 

BCA assay (Thermo Fisher Scientific). Protein content was used to normalize metabolite levels. 

 

Aspartate and Glycine incorporation into nucleic acid 

Cells were plated in 6-well plates (in triplicate) and after 24 hours, cells were washed 

once with PBS and serum starved for 16 hours, as previously described [42,68]. Cells were 

treated with media containing 2 ìCi U-14C-glycine, 2 ìCi 2,8-3H-adenine, 2 ìCi U-14C-aspartic 

acid, 1 ìCi 6-3H-thymidine, or 1 ìCi 5,6-3H-uridine and incubated for the specified time. DNA 

was extracted from cells using the DNeasy Blood and Tissue kit (Qiagen) based on 

manufacturer’s instructions. Nucleic acid concentration was determined using a Nanodrop 

spectrophotometer. Isolated nucleic acid was added to scintillation vials and radioactivity was 

measured using a liquid scintillation counter. Data was normalized to total nucleic acid 

concentration.    
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 Cells were treated as previously described for 3D culture. After incubation with 

radiomolecules, 3D cultures were harvested in Cell Recovery Solution (Corning #354253) and 

incubated on ice for 20 min to allow Matrigel to dissolve. Cultures were centrifuged at 400 x g 

for 3 min to pellet cells, and DNA was extracted as described above.   

 

RNA Sequencing 

Total RNA was isolated from immortalized WT and SIRT3 KO MEFs by a TRIzol 

(Invitrogen) extraction followed by a Direct-zol RNA MiniPrep Kit (Zymo Research) 

purification following the manufacturer’s instructions. Library preparation and RNA sequencing 

was performed as previously described [69]. Briefly, 2 µg RNA was incubated with poly-T oligo 

beads and unbound RNA was washed two times to remove ribosomal RNA and enrich for 

mRNA transcript pools. The Superscript III First-Strand Synthesis System (Invitrogen, Carlsbad, 

CA) was used to synthesize cDNA, and cDNA libraries were generated using Nextera XT DNA 

sample preparation kit. Libraries were sequenced on the Illumina NextSeq and data were 

processed as previously described [70]. Data were normalized to the total number of reads per 

kilobase of exon per million (RPKM), and reads were aligned to the mm10 mouse genome using 

Spliced Transcripts Alignment to a Reference (STAR) [71]. 

 

RNA Sequencing Data Analysis 

To identify differentially expressed genes between 2 wild type and 2 SIRT3 KO MEF 

samples we used the DESeq2 differential gene expression algorithm as previously described 

[15]. We filtered genes significantly differentially expressed based on false discovery rate of less 

than 0.05 and an absolute log2 fold change greater than 0.05 (absolute fold change of 1.3). We 
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also filtered for genes that were expressed at a minimum of 1 RPKM. In addition, the list of 

differentially expressed genes was used to identify enrichment of transcription factor binding 

motifs using the previously described MotifADE method [19,21]. Lastly, the Database for 

Annotation, Visualization and Integrated Discovery (DAVID 6.7) was used to examine 

enrichment of molecular functions in genes that were significantly differentially expressed genes 

between WT and SIRT3 KO MEFs [39,72]. 

 

Immunocytochemistry: 

Cells were washed once with PBS and fixed in 4% paraformaldehyde for 15 min at room 

temperature. Cells were permeabilized and blocked in PBS containing 0.3% Triton X-100 and 

5% normal goat serum (Life Technologies) for 1 hour at room temperature. Cells were incubated 

with phospho-S6 primary antibody overnight at 4 °C. The cells were washed with PBS and 

incubated with Alexa Fluor 488 secondary antibody (Life Technologies) for 1 hour at room 

temperature. Cells were washed three times with PBS followed by DAPI stain for 1 min. PBS 

was used to wash cells two more times and Prolong Gold antifade reagent (Invitrogen) was used 

to mount slides. The Nikon A1R Laser Laser Scanning Confocal Microscope was used to acqire 

images using a 488nm laser with 525/50 emission filter and a 404nm laser with 550/50 emission 

filter to image phospho-S6 and DAPI (nucleus), respectively. The Nikon Plan Apo 60x 1.4 NA 

objective lens was used to acquire images.  

 

Immunoblotting  

Cells were washed with cold PBS and lysed on ice for 15 min in RIPA buffer (50 mM 

Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS) 
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supplemented with 1 mM DTT, protease inhibitor cocktail (Roche), and phosphatase inhibitors 

(Sigma). Lysates were cleared by centrifugation at 16,000 x g for 10 min at 4 °C. Protein was 

quantified by a BCA protein assay (Thermo Fisher Scientific) and equal amounts of protein were 

run on a 10-20% Tris-Glycine gel (Bio-Rad) and transferred to nitrocellulose membrane (Bio-

Rad) for analysis by immunoblotting. Membranes were blocked in 5% BSA in TBS containing 

0.1% Tween 20 for 1 hour at room temperature and incubated with primary antibody at 4°C 

overnight. Band intensities were quantified using Image J.  

 

Immunohistochemistry 

Tumors were fixed in 10% buffered formalin and submitted to the Dana-Farber/Harvard 

Cancer Center facility for embedding in paraffin, sectioning, and hematoxylin and eosin staining. 

Cyclic immunofluorescence was performed as previously described [73], using the following 

antibodies: phospho-S6 (#5018 and #4851) and Ki67 (#11882) from Cell Signaling Technology. 

 

Clonogenic growth assay 

Colony formation assays were performed with KRAS G12V transformed WT and SIRT3 

KO MEFs. 100 cells were seeded in 2 mL of media in six well plates. Media was replaced every 

2-3 days. Colonies were stained with crystal violet after 8-10 days as previously described [74]. 

For quantification, crystal violet from the colonies was solubilized using 10% acetic acid as 

previously described [75]. The absorbance of the extracted crystal violet solution at a wavelength 

of 590 nm was measured using a Varian Cary 50 Bio UV-visible spectrophotometer. 

 

 



 90 

Animal studies 

All animal studies were performed in accordance with protocols approved by the 

Institutional Animal Care and Use Committee, the Standing Committee on Animals at Harvard. 

For xenograft studies, 1 x 106 or 2 x 107 MDA-MB-231 or T47D cells (accordingly) were mixed 

with 1:1 HBSS:Matrigel (Corning #354234) and injected subcutaneously into the flanks of 8- to 

10-week-old female nude mice (Charles River). Control cells were injected into the left flank and 

SIRT3-overexpressing cells were injected into the right flank of the same mouse. Tumors were 

measured every 2 to 3 days as indicated, and tumors were dissected and weighed at the end of 

the experiment. Tumor volume was calculated using the formula V = (w2 x l) / 2, where w 

represents width and l represents length. 

 

Statistics 

Statistical significance between groups was determined using the unpaired Student’s t test 

(unless otherwise noted). Significance is as follows: * p < 0.05, ** p < 0.01, and *** p < 0.001. 

All experiments were performed at least two to three times. 
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3.1 Abstract 

Metabolic reprogramming of glutamine contributes to production of building blocks for 

growth, proliferation, and survival in cancer. The mitochondrial deacetylase sirtuin 3 (SIRT3) 

regulates various metabolic pathways and suppresses metabolism of glucose – a key nutrient for 

tumors, in breast cancer cells. However, whether SIRT3 affects glutamine metabolism remains 

unknown. Here we perform glutamine labeling combined with metabolomic and RNA 

sequencing (RNA Seq) analysis to examine the role of SIRT3 in regulating glutamine usage. The 

absence of SIRT3 results in increased consumption of glutamine and its metabolism to fuel the 

tricarboxylic acid (TCA) cycle while contributing to production of nonessential amino acids 

(NEAAs). Additionally, overexpression of SIRT3 in a panel of breast cancer cells represses 

glutaminolysis. Lastly, increased glucose and glutamine uptake support elevated glutathione 

production in cells lacking SIRT3. These findings identify additional nodes of metabolism that 

may be repressed by SIRT3 to suppress tumorigenesis.  

 

3.2 Introduction 

Glutamine metabolism supports anabolic growth, energy production, and antioxidant 

stress response, all of which are critical for cellular proliferation and survival. Deregulated 

metabolism is a hallmark of cancer cells, and increased consumption of glucose and glutamine, 

as well as deregulation of their metabolism, has been observed in cancer cells compared to non-

malignant cells [1-5]. Additionally, various types of cancer cells rely on glutamine for survival 

underscoring glutamine metabolism as a potential target for development of therapies to treat 

cancer [6-9]. 

Glutamine metabolism consists of various nodes that generate crucial molecules, such as 

nucleotides, amino acids, hexosamines, TCA cycle intermediates, lipids, and glutathione, which 
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are essential for proliferation. Glutamine contributes its nitrogen backbone for synthesis of 

hexosamines, nucleotides, and nonessential amino acids – intermediates important for nutrient 

sensing, as well as for synthesis of nucleic acids and proteins, which are important to rapidly 

proliferating cells [1-5,10-13]. Like glucose, glutamine is an anaplerotic substrate and 

contributes its carbon backbone to replenish TCA cycle intermediates thereby contributing to 

generation of reducing equivalents necessary for energy production via the electron transport 

chain [14-16]. Additionally, under hypoxia, glutamine-derived a-ketoglutarate is converted to 

citrate, via reductive carboxylation, and can contribute to production of acetyl-CoA utilized for 

fatty acid synthesis, which is crucial to a proliferating cell as it contributes to production of lipids 

necessary for generation of cell membranes [17,18]. Lastly, by contributing to production of 

glutathione and NADPH, glutamine supports the antioxidant stress response, which is implicated 

in resistance to chemotherapy [14,19]. Although glutamine is in many ways critical for a tumor 

cell, how a cell regulates distribution of glutamine to the various metabolic pathways is an area 

of research that remains to be fully elucidated. Thus, having a better understanding of the 

mechanisms by which tumor cells regulate glutamine usage will provide insight into targeting 

glutamine metabolism for treatment of cancer.  

The mitochondrial sirtuin 3 (SIRT3), a robust deacetylase, regulates metabolism and has 

tumor suppressive function in breast cancer, lung adenocarcinoma, gastric cancer, hepatocellular 

carcinoma, and pancreatic cancer [6-9,20-27]. SIRT3 promotes fatty acid oxidation, amino acid 

catabolism, urea cycle, and energy production by deacetylating and activating key targets in 

these metabolic pathways [28-34]. Additionally, SIRT3 regulates a major arm of tumor 

metabolism, glycolysis, by decreasing oxidative stress via activation of superoxide dismutase 

(SOD2) and isocitrate dehydrogenase (IDH2), to destabilize hypoxia inducible factor 1 (HIF1), 
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which is known to regulate glycolytic gene expression [21,22,35-39]. Although SIRT3 

modulates various metabolic pathways, its role in regulating glutamine metabolism has not been 

examined.  

In this study, we perform glutamine tracing and metabolomics analysis in wild type (WT) 

and SIRT3 null (KO) mouse embryonic fibroblasts (MEFs) to determine the effect of SIRT3 loss 

on glutamine metabolism. We show that loss of SIRT3 results in deregulation of multiple nodes 

of glutamine metabolism. Increased glutamine consumed in the absence of SIRT3 is utilized for 

anaplerosis, synthesis of aspartate and serine, and to support increased glutathione synthesis. 

Although SIRT3 loss results in increased levels of glutathione, inhibition of glutathione synthesis 

alone did not abolish the difference in proliferation between WT and SIRT3 KO cells (Figure 3). 

Taken together these data suggest that SIRT3 represses glutamine metabolism, and highlights 

additional alterations in glutamine-dependent pathways that may contribute to proliferation of 

tumors with deletion or decreased expression of SIRT3. 

 

3.3 Results 

SIRT3 loss promotes glutamine anaplerosis 

Glutamine contributes to multiple nodes of metabolism in the cell (Figure 3.1A). Given 

that SIRT3 KO cells have increased glutamine consumption (Figure 3.1B), we utilized our 

steady-state metabolomics data and examined whether intracellular glutamine levels were 

different between WT and SIRT3 KO MEFs (Figure 3.1C). SIRT3 KO cells had 25% less 

intracellular glutamine than WT cells, suggesting that the increased glutamine taken up by  



 104 

 



 105 

SIRT3 KO MEFs may be utilized at higher rates in the SIRT3 KO cells (Figure 3.1D). In 

addition to its role as an anaplerotic substrate, glutamine contributes to synthesis of hexosamines, 

nucleotides, amino acids, and glutathione. To examine how SIRT3 loss affects the contribution 

of glutamine to the various metabolic pathways, we performed a tracing time course experiment 

using carbon and nitrogen labeled glutamine (U-13C5, U-15N2-glutamine) in WT and SIRT3 KO 

MEFs and analyzed the incorporation of glutamine into TCA cycle intermediates, amino acids, 

and glutathione (Figure 3.1E). 

Glutaminolysis is the process by which glutamine-carbon is utilized to fuel the TCA 

cycle. In this process, glutaminase (GLS) converts glutamine to glutamate, which is then 

converted to a-ketoglutarate by glutamate dehydrogenase (GDH) or various transaminases, 

which include aspartate transaminases (GOT1/2), alanine transaminases (GPT1/2), and 

phosphoserine transaminase (PSAT1) to replenish the TCA cycle. We observed increased 

incorporation of carbon label from glutamine into various TCA cycle intermediates, such as a-

ketoglutarate, succinate, fumarate, malate, citrate, and aconitate, at 4 and 8 hours in SIRT3 KO 

MEFs compared to WT MEFs (Figure 3.1E-F). Although the majority of TCA cycle 

intermediates displayed increased levels of labeling at 4 hours in SIRT3 KO cells compared to 

WT cells, a-ketoglutarate and succinate were labeled to a higher extent than fumarate and malate 

(Figure 3.1E-F). This is consistent with SIRT3 activating succinate dehydrogenase, which 

converts succinate to fumarate [32]. Moreover, at 8 hours all of the TCA cycle intermediates 

detected by our metabolomics analysis were labeled to a higher extent in SIRT3 KO cells 

compared to WT cells. These results suggest that SIRT3 KO MEFs have an increased rate of 

glutaminolysis to refill the TCA cycle, compared to WT cells. 
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Glutamine-derived carbon undergoes oxidative metabolism in the TCA cycle in SIRT3 KO 

MEFs. 

Under hypoxia, cells reductively carboxylate glutamine-derived a-ketoglutarate into 

isocitrate, which is converted to citrate and contributes to fatty acid synthesis [17,18]. Under 

normoxia, HIF1 activation is sufficient to promote reductive carboxylation of glutamine-derived 

a-ketoglutarate [17]. Because SIRT3 stabilizes HIF1a, we next examined whether under 

normoxia SIRT3 KO cells metabolized glutamine-derived carbon via oxidation or reductive 

carboxylation in the TCA cycle. In normoxia, the majority of the citrate pool is expected to 

contain 4 labeled carbons (M+4), generated from glutamine-labeled a-ketoglutarate (M+5), 

which is oxidized to oxaloacetate (M+4) and is further condensed with 2 unlabeled carbons from 

acetyl-CoA (derived from glycolysis) to generate a 6 carbon citrate molecule (Figure 3.2.A). In 

hypoxia, however, glutamine-labeled a-ketoglutarate (M+5) would be reductively carboxylated 

to isocitrate and converted to citrate, thereby producing a greater amount of citrate with 5 labeled 

carbons (M+5) than citrate with 4 labeled carbons (M+4). After 4 hours of labeling, most of the 

citrate pool in WT and SIRT3 KO cells was comprised of unlabeled citrate (M+0), followed by 

4-carbon labeled citrate (M+4) (Figure 3.2.B). In fact, SIRT3 KO cells had lower levels of 

unlabeled citrate and higher levels of M+4 citrate. Equal, but low percentages of 5-carbon 

labeled citrate were observed in WT and SIRT3 KO cells. These findings are consistent with 

those of glioblastoma cells under normoxia suggesting that glutamine-derived carbon is oxidized 

in both WT and SIRT3 KO cells [17]. Next, because oxidation of citrate replenishes the TCA 

cycle, we examined the effect of SIRT3 loss on the contribution of glutamine to TCA cycle 

intermediates by labeling WT and SIRT3 KO cells with [U-13C,15N]glutamine for 4 hours and 

analyzing incorporation of glutamine to fumarate and malate by LC-MS. Under normoxia, the 
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M+4 fumarate and malate pool should constitute the majority of labeled fumarate and malate 

since glutamine-derived a-ketoglutarate (M+5) is oxidized 4-carbon labeled succinate, and 

further to fumarate and malate (Figure 3.2.A). In hypoxia, however, the 3-carbon labeled 

fumarate and malate species would be expected to predominate the pool of labeled fumarate and 

malate as 5-carbon labeled citrate (produced via oxidative carboxylation of glutamine-derived a-

ketoglutarate) would be exported out of the mitochondria and cleaved to generate 3-carbon 

labeled oxaloacetate, which is metabolized to malate and fumarate as part of the malate-aspartate 

shuttle. In WT and SIRT3 KO MEFs, the majority of labeled malate and fumarate contained 4 

carbons labeled (M+4) and a small amount of malate and fumarate with 3 labeled carbons (M+3) 

(Figure 3.2.C-D). These findings suggest that despite increased HIF1 stability, glutamine-derived 

a-ketoglutarate is not reductively carboxylated in SIRT3 KO MEFs. Instead, glutamine-derived 

carbon is oxidized in the TCA cycle to contribute to citrate in both WT and SIRT3 null MEFs. 

Next, as SIRT3 KO MEFs have deregulated glucose metabolism, we evaluated the effect 

of SIRT3 on the contribution of glucose to the TCA cycle. Glucose-derived pyruvate is utilized 

by pyruvate dehydrogenase to produce acetyl-CoA, which is condensed with oxaloacetate to 

generate citrate (Figure 3.2.E). To assess the effect of SIRT3 on the contribution of glucose to 

the TCA cycle, we labeled WT and SIRT3 KO MEFs with [U-13C]glucose for 4 hours and 

determined the contribution of glucose to citrate. The majority of citrate pool (~40%) contained 

2 labeled carbons (M+2) and this was followed by unlabeled carbon citrate (M+0) in WT and 

SIRT3 KO cells (Figure 3.2F). These data demonstrate that despite increased lactate production 

in SIRT3 KO MEFs, increased glucose taken up by the cell also contributes to the TCA cycle to 

the same extent as in WT cells. Thus, taken together, our results highlight the importance of the 

synergy between glucose and glutamine to fuel the TCA cycle.  
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SIRT3 KO MEFs couple use of glutamine for the TCA cycle with NEAAs. 

In the process of fueling the TCA cycle, transaminases transfer nitrogen from glutamate 

onto carbon molecules, such as oxaloacetate and pyruvate, to generate NEAAs. Aspartate 

transaminases (GOT1/2) transfer nitrogen from glutamate to oxaloacetate to generate aspartate, 

while alanine transaminases (GPT1/2) transfer nitrogen to pyruvate to produce alanine, and 

phosphoserine transaminase (PSAT1) combines nitrogen from glutamate with 3-phospho-

hydroxypyruvate to generate 3-phospho-serine (Figure 3.3A). To determine if the pool of 

NEAAs generated by transaminases is affected by SIRT3, we analyzed steady-state levels of 

alanine, aspartate, and serine in WT and SIRT3 KO cells. Alanine levels are similar between WT 

and SIRT3 KO MEFs; however, SIRT3 KO cells have 55% less aspartate and 25% less serine 

than WT cells (Figure 3.3B). Given that SIRT3 KO cells have increased nucleotide synthesis 

compared to WT cells, aspartate and serine (via glycine) may be diminished in the absence of 

SIRT3 to support nucleic acid production. To determine if SIRT3 affects the contribution of 

glutamine to NEAAs, we analyzed the amount of nitrogen labeling from glutamine into alanine, 

aspartate, and serine. In contrast to WT MEFs, SIRT3 KO MEFs have increased incorporation of 

nitrogen derived from glutamine (Figure 3.3C). These results suggest that SIRT3 KO cells may 

couple entry of glutamine-derived carbon into the TCA cycle with production of NEAAs.  

Similar results have been observed in proliferating cells, as well as in cancer cells, and is 

supported by elevated expression of transaminases [13,40]. This prompted us to examine our 

RNA sequencing data to determine whether SIRT3 loss had an effect on expression of the genes 

involved in metabolism of glutamine into the TCA cycle. No difference in GLS expression was 

observed between WT and SIRT3 KO cells (Figure 3.3C). While GDH expression was slightly 

decreased in SIRT3 KO cells, the expression of 3 out of 5 transaminases (GOT1, GPT2, and  
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PSAT1) was significantly higher in SIRT3 KO cells compared to WT cells (Figure 3.3D). Taken 

together, these results illustrate a plausible mechanism for the increased glutaminolysis observed 

in the absence of SIRT3.   

 

SIRT3 represses glutamine metabolism in breast cancer 

Next, we tested the hypothesis that SIRT3 could repress glutaminolysis. Because SIRT3 

expression is low in breast tumors, we stably overexpressed SIRT3 in a panel of breast cancer 

cells and examined its effect on glutaminolysis (Figure 3.4A). First, we measured glutamine 

consumption and ammonium secretion in two basal breast cancer cell lines, which have low 

endogenous SIRT3 expression (compared to luminal breast cancer cells) and found that SIRT3 

overexpression significantly decreased glutamine uptake without affecting ammonium 

production in these cells (Figure 3.4B-C). However, SIRT3 suppressed glutamine consumption 

by 10-25% and ammonium production by 30-40% in luminal breast cancer cells (Figure 3.4D-

E). To determine if the catalytic activity of SIRT3 is required for repression of glutamine 

metabolism, we overexpressed wild type (WT) or catalytic inactive (HY) SIRT3 in CAMA1 

cells and measured glutamine uptake and ammonium production (Figure 3.4F). Overexpression 

of WT SIRT3, but not the catalytic mutant repressed glutamine uptake and ammonium 

production demonstrating that catalytic activity of SIRT3 is required to repress glutamine 

metabolism (Figure 3.4G-H). These findings suggest that SIRT3 may play a role in repressing 

glutaminolysis; thus, we examined the incorporation of labeled glutamine into TCA cycle 

intermediates in control and SIRT3-overexpressing T47D breast cancer cells. Compared to 

control cells, cells overexpressing SIRT3 had decreased labeling of 3 out of 6 measured TCA  
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cycle intermediates (Figure 3.4I). These results show that SIRT3 represses glutaminolysis in 

breast cancer cells.   

 

The absence of SIRT3 promotes glutathione synthesis. 

Increased entry of glutamine carbon coupled with amino acids production has been 

shown to contribute to glutathione levels in the cell [13,41]. Glutathione is composed of three 

amino acids, glutamate, cysteine, and glycine (Figure 3.5A). Glutamine contributes to the pool of 

glutamate, which is utilized for glutathione synthesis. To determine if SIRT3 affects usage of 

glutamine for glutathione synthesis, we used a combination of glutamine tracing, metabolomics, 

and a kit to measure glutathione in WT and SIRT3 KO cells. Analysis of steady-state metabolic 

profiles showed that SIRT3 KO cells had 1.6 fold times higher levels of glutathione compared to 

WT cells (Figure 3.5B). In agreement with this result, measurerement of total glutathione levels 

using another method also showed that SIRT3 KO cells had 50% more glutathione than WT cells 

(Figure 3.5C). Hydrogen peroxide is known to deplete glutathione, and indeed hydrogen 

peroxide decreased and normalized the difference in glutathione levels between WT and SIRT3 

KO cells suggesting that SIRT3 KO cells are more sensitive to oxidative stress (Figure 3.5C).  

Next, to determine whether glutamine affected glutathione levels, WT and SIRT3 KO 

cells were deprived of glutamine for 24 hours, after which glutathione was measured. Glutamine 

deprivation decreased glutathione levels in both WT and SIRT3 KO cells and normalized the 

difference in glutathione between these cells (Figure 3.5D). To directly test if glutamine 

contributes to glutathione synthesis, we examined labeling from glutamine in glutathione. 

Consistent with our findings, more glutathione was labeled by glutamine in SIRT3 KO MEFs  
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Figure 3.5. Glutamine supports increased glutathione levels in SIRT3 KO MEFs.  
(A) Schematic of the contribution of glucose and glutamine to glutathione synthesis. (B) Steady-
state glutathione levels in WT and SIRT3 KO MEFs. (C) Glutathione levels in WT and SIRT3 
KO MEFs treated with 10 mM hydrogen peroxide (H2O2) or water as a control for 15 minutes. 
(D) Glutathione levels in WT and SIRT3 KO MEFs in complete medium (control) or media 
without glutamine (-Gln). Levels of (E) glutamine-labeled or (F) glucose-labeled glutathione in 
WT and SIRT3 KO MEFs. (G) Relative mRNA levels of genes involved in glutathione 
synthesis. (H) Schematic depticting the target of butathione sulfoximine (BSO). (I) Growth curve 
of WT and SIRT3 KO MEFs treated with 100 mm BSO or DMSO (control). Data are means + 
SEM (n = 4). n.s., not significant. **p < 0.01; ***p < 0.001. 
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compared to WT MEFs (Figure 3.5E) suggesting that increased glutamine usage supports 

elevated glutathione levels in these cells. 

In addition to glutamine, glucose also contributes to glutathione production. In glycolysis, 

glucose oxidation generates 3-phosphoglycerate, which can be used for synthesis of serine, 

which is metabolized to generate cysteine and glycine (Figure 3.5A). To examine whether 

increased glucose consumption in the absence of SIRT3 contributes to glutathione production, I 

performed a glucose tracing experiment and examined the levels of glucose-labeled glutathione. 

Indeed, loss of SIRT3 results in increased contribution of glucose to support increased 

glutathione levels (Figure 3.5F). 

As depicted in Figure 3.5A, three enzymes (GCLC, GCLM, and GSS) catalyze the 

conversion of glutamate, cysteine, and glycine into glutathione. Given that glutathione levels are 

increased in SIRT3 KO cells, I examined whether expression of glutathione synthesis genes was 

altered between WT and SIRT3 KO cells. In the absence of SIRT3 we found increased 

expression of two of the three glutathione synthesis genes: GCLC and GSS (Figure 3.5G). Thus, 

increased expression of the glutathione biosynthetic machinery may contribute to increased 

glutathione production in SIRT3 KO cells. Taken together, our results demonstrate that SIRT3 

loss leads to reprogramming of multiple nodes of glutamine metabolism known to be altered in 

cancer cells. 

Given that SIRT3 KO cells have rewired usage of glutamine to support increased 

glutathione synthesis, a pathway shown to stimulate cancer cell proliferation, I used buthionine 

sulphoximine (BSO), an inhibitor of glutathione synthesis to examine if increased glutathione 

levels contribute to the rapid growth of SIRT3 KO cells (Figure 3.5H). Because SIRT3 loss 

results in increased levels of ROS and hydrogen peroxide has a greater effect in depleting 
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glutathione in these cells, we hypothesized that SIRT3 KO cells would be susceptible to 

glutathione synthesis inhibition. Although SIRT3 KO MEFs proliferated at about the same rate 

as control WT MEFs when treated with BSO, inhibition of glutathione synthesis did not 

ameliorate the difference in growth between these cells (Figure 3.5I). These data suggest that 

increased glutathione may contribute to, but is not the only factor, promoting increased 

proliferation of SIRT3 KO cells. 

 

3.4 Discussion 

 Here we show that deletion of SIRT3 results in rewired metabolism of glutamine, a 

crucial nutrient to cancer cells. The increased glutamine consumed in the absence of SIRT3 is 

utilized for anaplerosis while contributing to synthesis of amino acids and glutathione. Moreover, 

SIRT3 represses glutamine metabolism in breast cancer cells, suggesting that this may be an 

additional mechanism by which SIRT3 suppresses tumorigenesis. 

How SIRT3 loss promotes usage of glutamine to fuel the TCA cycle is unknown. 

However, SIRT3 deacetylates and activates GDH; thus, in the absence of SIRT3, GDH activity 

may be decreased suggesting that an alternate pathway supports increased flux of glutamine into 

the TCA cycle [28,30]. The increased labeling of nitrogen on aspartate and serine suggests that 

there may be increased activity of transaminases in SIRT3 KO cells. Although SIRT3 

deacetylates aspartate transaminase 2 (GOT2), it does not affect its activity [42]. However, 

elevated expression of transaminases could account for increased contribution of glutamine-

derived nitrogen to NEAAs. Consistent with this idea, we found a significant increase in the 

expression of various transaminases in SIRT3 KO cells compared to wild type cells. This is 

consistent with pancreatic cancer cells where KRAS represses GDH levels while increasing 
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GOT1 expression to promote flux of glutamine to the TCA cycle [13]. Additionally, elevated 

transaminase expression is associated with rapidly proliferating human tumors, and the increase 

in expression of these genes is mediated in part via mTORC1 [40]. Given that the absence of 

SIRT3 results in activation of various signaling pathways, including KRAS and mTORC1, it is 

tempting to hypothesize that SIRT3 loss may result in coupling glutamine anaplerosis to 

synthesis of NEAAs via induction of these signaling pathways to regulate expression of genes 

encoding enzymes involved in glutamine metabolism.  

 How does SIRT3 regulate glutathione metabolism? SIRT3 loss results in increased 

oxidative stress due to decreased activity of SOD2 and IDH2, which promote clearance of 

reactive oxygen species (ROS). Glutathione is a key antioxidant that may be induced in the 

absence of SIRT3 to allow the cells to cope with increased oxidative stress. Glutathione is 

synthesized in the cytosol; thus, direct regulation of the enzymes that produce glutathione by 

SIRT3 seems unlikely [43]. However, elevated glutathione levels may be supported by increased 

glutathione synthesis gene expression in the absence of SIRT3. The transcription factors Myc 

and nuclear factor erythroid 2-related factor 2 (NRF2) activate expression of the genes encoding 

the glutathione biosynthetic machinery. Moreover, microarray data and RNA sequencing 

analysis show that SIRT3 loss induces a Myc signature, which may be a plausible mechanism by 

which SIRT3 loss induces glutathione production [22]. Alternatively, Myc and NRF2 are 

stabilized by phosphoinositide-3 kinase (PI3K) signaling, which is activated in the absence of 

SIRT3, and may also contribute to increased expression of glutathione synthesis genes to support 

elevated glutathione production [44-46]. 

Production of reducing equivalents, such as NADPH, is also important for glutathione 

metabolism, and may be regulated by SIRT3. Glutathione is oxidized in the process of reducing 
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ROS, and glutathione reductase utilizes NADPH to reduce oxidized glutathione. The oxidative 

arm of the pentose phosphate pathway (PPP) and the malate-aspartate shuttle contribute to 

generation of NADPH. In the malate-aspartate shuttle, glutamine-derived oxaloacetate can be 

converted to aspartate to exit the mitochondria and be converted back to oxaloacetate and to 

malate in the cytosol, where malic enzyme would convert malate to pyruvate while generating 

NADPH. Oxidative metabolism of glutamine in the absence of SIRT3 suggests that SIRT3 loss 

may promote the malate-aspartate shuttle. This is consistent with the idea that in pancreatic 

cancer cells SIRT3 loss results in increased acetylation of GOT2 to promote its interaction with 

malate dehydrogenase and stimulate the malate-aspartate shuttle [42]. Additionally, SIRT3 loss 

may also stimulate NADPH production via the oxidative arm of the PPP [22]. 

Here we identify two additional metabolic pathways altered upon loss of SIRT3 that may 

be targeted to decrease proliferation. Our results indicate that suppression of a single deregulated 

glutamine-dependent pathway, glutathione synthesis, does not ablate the difference in 

proliferation between control cells and cells with SIRT3 deletion. Additionally, recently it has 

been shown that inhibition of glutathione synthesis alone has no effect in cancer; however, 

inhibition of glutathione synthesis and a compensating antioxidant pathway, thioredoxin, 

synergize to kill cancer cells [47]. Because some types of cancer are refractory to currently used 

chemotherapies, the idea of treating cancers by targeting multiple deregulated pathways using 

combination therapies is becoming more and more accepted. Additionally, recent studies have 

shown that this is a feasible idea and have shed light on potential combination therapies for 

treatment of human cancer (Isaac, blenis, cichowski). In fact, inhibition of glutaminolysis 

combined with increased oxidative stress increases pancreatic cancer cell death in vitro, 

suggesting that this may be a possible combination to treat cancer cells with decreased SIRT3. 
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Thus, inhibition of multiple deregulated pathways in cells with loss of SIRT3 may be a better 

option to significantly inhibit the growth or survival of a cancer cell with SIRT3 loss.  

Our findings underscore the importance of SIRT3 in repressing cancer cell metabolism. 

SIRT3 expression is low in various types of cancers where it functions as a tumor suppressor. 

We show that in addition to repressing the Warburg effect, SIRT3 overexpression suppresses 

glutamine metabolism in breast cancer cells. It is important for future studies to examine if our 

findings translate to tumors in vivo and to determine the importance of the identified metabolic 

alterations in the absence of SIRT3 to tumorigenesis. In sum, we reveal rewiring of various 

nodes of glutamine metabolism, similar to that observed in cancer cells, in the absence of SIRT3. 

These findings suggest that suppression of glutamine metabolism may be part of the mechanism 

by which SIRT3 suppresses tumorigenesis.  

 

3.5 Experimental Procedures 

Cell Culture 

SV40T immortalized WT and SIRT3 KO mouse embryonic fibroblasts (MEFs) were 

cultured in DMEM media supplemented with 10% FBS, penicillin/streptomycin, 2 mM L-

glutamine, non-essential amino acids (NEAAs), and 0.1 mM â-mercaptoethanol. Breast cancer 

cell lines: MCF7, T47D, CAMA-1, and MDA-MB-231 were maintained in DMEM media 

supplemented with 10% FBS, penicillin/streptomycin, and 2 mM L-glutamine. MCF10A cells 

were cultured in 1:1 DMEM/F12 media supplemented with penicillin/streptomycin, 5% horse 

serum, 20 ng/mL EGF, 100 ng/mL cholera toxin, 0.5 mg/mL hydrocortisone, and 10 ìg/mL 

insulin.  
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SIRT3-overexpressing cells were generated by retroviral infection with empty pBabe 

vector or pBabe vector containing human SIRT3 cDNA with a FLAG tag.  

 

Reagents 

Labeled L-glutamine (U-13C5, 97-99%; U-15N2, 97-99%) and D-glucose (U-13C6, 99%) 

were obtained from Cambridge Isotope Laboratories. The HT glutathione assay was obtained 

from Trevigen (catalog #7511-100-K). Buthionine sulfoximine (BSO) was obtained from Sigma 

(catalog #B2515). 

 

Glutamine and Ammonium Measurements 

Cells were plated in 6-well plates and media was changed 24 hours later. Culture media 

was collected after 8-24 hours, and the number of cells in each well was counted using a 

Beckman Coulter particle counter. Glutamine and ammonium concentrations in fresh and culture 

media were measured after 8 to 24 hours using the BioProfile FLEX analyzer (NOVA 

Biomedical), and the measurements were normalized to cell number. 

 

Metabolite Profiling 

Metabolites were extracted from cells using 80% ice-cold methanol on dry ice [22,48]. 

Briefly, high performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) 

was used to quantitatively profile polar metabolites. The QTRAP mass spectrometer (Thermo 

Fisher Scientific) was used to acquire data, and the TraceFinder software was utilized to analyze 

the data. An identical set of plates was seeded in the same way as for the experiment, and protein 

was extracted and quantified by a BCA assay (Thermo Fisher Scientific) to normalize metabolite 

levels. For tracing experiments, cells were seeded, and 24 hours later, media was removed and 
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cells were washed once with PBS. Cells were then incubated with glutamine-free media 

supplemented with 6 mM L-glutamine (U-13C5, 97-99%, 15N2, 97-99%), or glucose-free media 

supplemented with 25 mM D-glucose (U-13C6, 99%), 10% dialyzed FBS, NEAAs, 

penicillin/streptomycin, and 0.1 mM â-mercaptoethanol for the specified time (1, 4, or 8 hours). 

Media was removed and cells were washed with cold PBS once prior to metabolite extraction. 

 

Glutathione Measurements 

The HT Glutathione Assay Kit was utilized to measure total glutathione levels according 

to manufacturer instructions. 

 

Quantitative real-time PCR: 

Total RNA was isolated by a TRIzol (Invitrogen) extraction followed by a Direct-zol 

RNA MiniPrep Kit (Zymo Research) purification following the manufacturer’s instructions. 

Total RNA (1 ìg) was used for reverse transcription with the iScript cDNA synthesis kit (Bio-

Rad). cDNA was diluted and used for analysis by quantitative real-time PCR using Sybr Green I 

Mastermix on a Lightcycler 480 (Roche). Values were normalized to a reference gene, and the 

2ÄÄCt method was used for analysis. Primer sequences utilized in this study are listed below. 

Primer sequences utilized in this study are listed below: 

Gene Primer 

mouse GCLM F  GCCACCAGATTTGACTGCCTT 

R  TGCTCTTCACGATGACCGAGT 
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mouse GCLC F  ACATCTACCACGCAGTCAAGG 

R  CTCAAGAACATCGCCTCCATT 

mouse GSS F  GAATGGAAGCTGCTTTGAGGC 

R  AGGCACTAGAACCTGCTGGAA 

mouse B2M F  GCTCGGTGACCCTGGTCTTT 

R  TGTTCGGCTTCCCATTCTCC 

 
 

Extracted RNA was also used for RNA sequencing as described in Chapter II. 

 

Statistics 

Statistical significance between groups was determined using the unpaired Student’s t 

test. Significance is as follows: * p < 0.05, ** p < 0.01, and *** p < 0.001. All experiments were 

performed at least two to three times. 
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4.1 Overview 

Metabolic reprogramming is at the core of a cancer cell’s strategy for enhancing its 

survival, growth, and proliferation. Oncogenes and tumor suppressors contribute to deregulated 

metabolism displayed by cancer cells. Decreased expression of SIRT3 is observed across 

multiple types of human cancer where SIRT3 has been shown to have tumor suppressive 

function. SIRT3 is a deacetylase and a key regulator of mitochondrial biology that stimulates 

metabolic targets to promote oxidative metabolism, energy production, and defense from 

oxidative stress. SIRT3 loss results in deregulation of numerous nodes of metabolism, and 

suppresses tumorigenesis in part by repressing the Warburg effect, via reduction of ROS (Figure 

4.1). Although our understanding of the role that SIRT3 plays in cancer has grown, it continues 

to be a challenge to translate our findings into improving therapies for cancer treatment. Having 

a better understanding of the strategy adopted by cancer cells to sustain tumorigenesis could 

provide insight into potential targets for therapeutic intervention. Therefore, in this dissertation, I 

utilized a small molecule screen to identify new vulnerabilities that may provide mechanistic 

insight into how SIRT3 loss could promote tumorigenesis. First, I identified glutamine 

metabolism as a novel vulnerability in cells with SIRT3 deletion. Second, I systematically 

analyzed the effect of SIRT3 on multiple nodes of glutamine metabolism. 

 

4.2 Small molecule screen  

We used a chemical biology approach to identify a new metabolic vulnerability in tumors 

with SIRT3 deletion. Chapter II described these findings where we identify a glutamine analog, 

azaserine, as a selective inhibitor of SIRT3 null cell growth. We show that SIRT3 deletion 

renders cells reliant on glutamine metabolism for growth and proliferation. Because glutamine  
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contributes to multiple nodes of metabolism, we utilized metabolomics to identify the metabolic 

node significantly affected by azaserine and found elevated nucleotide metabolism to be the 

pathway that SIRT3 null cells rely on for increased proliferation. Using bioinformatics and RNA 

sequencing analysis, we reveal mTORC1 signaling as part of the mechanism underlying 

alterations in nucleotide synthesis with SIRT3 loss. Most importantly, we reveal that decreased 

SIRT3 expression is lowest in basal-like breast cancers and is associated with increased 

mTORC1 signaling in vitro and in human breast tumor samples. Lastly, like SIRT3 

overexpression, treatment with rapamycin or azaserine significantly suppressed the growth of 

breast cancer cell spheres in 3-dimensional culture with a stronger effect in control cells with low 

SIRT3 expression. Our findings suggest that SIRT3 may be used as a biomarker for determining 

susceptibility to nucleotide- or mTORC1-targeting therapies in breast cancer, and potentially as a 

biomarker for determining breast cancer subtype. Future study will be needed to examine the 

relevance of these findings in breast cancer patients. Moreover, whether these findings can be 

translated across other types of cancers would also be important to know.  

Although the focus of Chapter II centered on azaserine as the top compound that 

selectively decreased growth of SIRT3 null cells, other top hits from the small molecule screen 

may reveal additional vulnerabilities in cells with SIRT3 loss. The second top hit from the screen 

was decitabine, a nucleoside analog known to incorporate into DNA to inhibit DNA 

methyltransferases to promote hypomethylation, and to induce the DNA damage response and 

result in cell cycle arrest [1-4]. Thus, SIRT3 null cells may also be susceptible to DNA damaging 

agents. The additional top 5 hits from the screen, vinblastine sulfate, vindesine, and vincristine 

sulfate, are part of a class of compounds known as alkaloids [5,6]. These compounds function by 

interfering with microtubule formation to inhibit cell division and are typically used as part of 
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combination therapies to treat cancer. Altogether these compounds suppress proliferation of cells 

with SIRT3 loss inhibiting cell cycle progression. Moreover, it would be interesting to explore if 

these compounds could synergize with azaserine to induce death of cells with SIRT3 deletion.  

The approach of using a small molecule screen to identify vulnerabilities in cancer can be 

used to examine additional mechanisms underlying cancer. Moreover, this approach could be 

used to test combination therapies that could synergize to result in cancer cell death or tumor 

regression, as has been done recently [7]. In addition, because in some types of cancer, such as 

oral squamous cell carcinoma and clear cell renal carcinoma, SIRT3 promotes tumorigenesis, it 

would be interesting to analyze results from our small molecule screen to identify compounds 

that could selectively sensitize cells expressing SIRT3 [8,9]. Compounds identified in this kind 

of analysis could provide insight into pathways that could be targeted to treat cancers with 

increased SIRT3 levels. 

 

4.3 SIRT3 and glutamine metabolism 

 Glutamine contributes to a cadre of metabolic pathways (Figure 1.1). Based on the 

observations that glutamine consumption was deregulated in the absence of SIRT3 and that 

glutamine analogs selectively decreased growth in cells with SIRT3 deletion, we examined the 

effect of SIRT3 on metabolism of glutamine, an important nutrient for many, but not all, cancer 

cells. In Chapter III, we describe rewiring of multiple facets of glutamine metabolism in cells 

lacking SIRT3. Strikingly, we demonstrate that SIRT3 is a major regulator of numerous facets of 

glutamine metabolism. First, we show that loss of SIRT3 stimulates entry of glutamine-derived 

carbon into the TCA cycle, and this is coupled with increased contribution of nitrogen to 

synthesis of nonessential amino acids. Additionally, overexpression of SIRT3 in breast cancer 
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cells suppresses glutamine anaplerosis. We also show that the increased glutamine consumption 

supports elevated glutathione levels in cells lacking SIRT3. These findings reveal new additional 

alterations, consistent with those seen in cancer cells, in the absence of SIRT3. A glutamine 

tracing experiment in vivo would be important to determine if SIRT3 null cells display the same 

pattern of deregulation in these nodes of metabolism. In addition, future studies will be crucial to 

determine the relevance of these findings in cancer, and to determine if these pathways may be 

targeted for therapy of patients with tumors lacking SIRT3.  

 

4.4 Mechanisms of action 

Our findings reveal alterations in multiple nodes of glutamine metabolism in the absence 

of SIRT3, and this along with published findings, suggest that SIRT3 loss results in induction of 

a program that contributes to reprogramming of glutamine metabolism to promote cancer. 

Therefore, although not impossible, it seems unlikely that a single SIRT3 target could account 

for the multiple alterations observed upon SIRT3 loss. Future studies could focus on examining 

the mechanism by which SIRT3 loss promotes glutamine anaplerosis. A major effort was made 

to identify a mechanism by which SIRT3 regulates glutamine metabolism. Two potential 

mechanisms by which SIRT3 could affect glutamine metabolism are: 1). Direct regulation of 

target enzymes involved in glutamine metabolism, and/or 2). Indirect regulation of pathways that 

control glutamine or nutrient utilization. Direct deacetylation of known SIRT3 targets involved 

in glutamine metabolism, such as glutamate dehydrogenase (GDH) does not seem logical as 

SIRT3 stimulates GDH activity and, thus, would be expected to be less active in the absence of 

SIRT3 [10,11]. Additionally, deacetylation of aspartate transaminase (GOT2) by SIRT3 does not 

have an effect on GOT2 activity [12]. However, consistent with recent publications, we show 
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that SIRT3 loss results in a significant increase of transaminase gene expression, which is 

observed during proliferation and in cancer cells [13,14]. This increase in gene expression, if 

also observed at the protein level, suggests that SIRT3 loss may result in increased transaminase 

activity and could be the mechanism underlying increased contribution of glutamine to TCA 

cycle intermediates and nonessential amino acids. Moreover, the use of glutaminase (BPTES or 

CB-839) or transaminase (aminooxyacetate, AOA) inhibitors would allow us to determine the 

importance of this pathway to SIRT3 null cells. Whether SIRT3 represses transaminase gene 

expression remains to be examined.  

Another potential mechanism to explain our observations could be direct regulation of 

amino acid transporters by SIRT3. To my knowledge regulation of amino acid transporters by 

SIRT3 has been unexplored. However, unpublished findings from our laboratory reveal that 

SIRT3 interacts with various amino acid transporters. For instance, SIRT3 interacts with a 

glutamate/aspartate transporter, which exchanges mitochondrial aspartate for cytosolic 

glutamate. Given that SIRT3 tends to deacetylate and activate its targets, it may be possible that 

SIRT3 stimulates this amino acid transporter. If so, in the absence of SIRT3, decreased 

transporter activity could lead to decreased entry of glutamate into the mitochondria and result in 

increased glutaminolysis to generate glutamate upon SIRT3 loss. 

Another plausible mechanism is that SIRT3 may indirectly affect glutamine metabolism 

by regulating glucose or pyruvate utilization. Glucose and glutamine complement each other for 

synthesis of biosynthetic intermediates, and it has been shown that usage of glutamine depends 

on the presence of glucose [15]. Thus, elevated glycolysis in the absence of SIRT3 could 

promote increased glutamine metabolism. SIRT3 stimulates pyruvate utilization by deacetylating 

and activating pyruvate dehydrogenase (PDH) [16]. Loss of SIRT3 could result in decreased 
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PDH activity shunting pyruvate away from the mitochondria, which may be compensated by 

stimulation of glutamine anaplerosis.  

 

4.5 Stress programs 

Indirect modulation of signaling pathways that regulate nutrient utilization could be an 

additional mechanism by which SIRT3 affects glutamine metabolism. Multiple signaling 

pathways, such as the Ras and mTORC1 signaling pathways, and transcription factors, such as 

Myc and nuclear factor erythroid 2-related factor 2 (NRF2), have been shown to regulate 

glutamine metabolism. These signaling pathways are regulated by reactive oxygen species 

(ROS). Our laboratory and numerous studies have highlighted the role of SIRT3 in promoting 

clearance of ROS by activating SOD2 and IDH2 [17-20]. SIRT3 may also regulate ROS 

generation via the electron transport chain and fatty acid oxidation. ROS is a double-edged 

sword. At high levels, ROS can cause significant cellular damage and lead to cell death; 

however, at low levels, ROS can function as a signaling molecule essential for induction of 

signaling cascades [21-24]. In fact, ROS is necessary for insulin or growth factor signaling and 

has been shown to activate signaling cascades by inactivating phosphatases (via oxidation of 

cysteine residues), such as PTEN [25]. Thus, increased ROS levels upon SIRT3 loss could 

activate these signaling pathways to regulate glutamine metabolism.  

In Chapter II we find that SIRT3 loss results in increased Ras, PI3K, and mTORC1 

signaling. In fact, we show that elevation in nucleotide synthesis is due, in part, to hyperactive 

mTORC1 signaling. In addition to regulating de novo nucleotides synthesis, mTORC1 also 

stimulates glutaminolysis [14,26]. Whether deregulation of additional nodes of glutamine 

metabolism in the absence of SIRT3 is due to hyperactive mTORC1 signaling remains to be 
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examined. Moreover, the mechanism by which SIRT3 regulates mTORC1 signaling is unknown, 

but one possible model is that increased ROS may stimulate this and upstream signaling 

pathways. 

The transcription factor Myc has been shown to stimulate glutaminolysis by inducing 

expression of glutamine transporters and glutaminase. Consistent with our RNA sequencing data, 

a previous study from our laboratory reported enrichment of the Myc signature from SIRT3 null 

brown adipose tissue. We validated increased expression of Myc targets, such as elongation 

factors (eIF4E and eIF2a), in SIRT3 null cells. However, expression of the Myc targets known 

to mediate glutaminolysis was not altered and knockdown of Myc had no effect on glutamine 

consumption in cells with SIRT3 deletion (data not shown). 

A key finding in Chapter III is that SIRT3 loss stimulates glutathione production. 

Because SIRT3 loss has been shown to result in increased ROS, which is often cleared by 

glutathione, we anticipated a decrease in glutathione levels. However, we find increased 

glutathione levels in the absence of SIRT3. A potential explanation for this is that increased ROS 

induces the antioxidant stress response driven by NRF2, which is known to induce expression of 

genes encoding ROS detoxifying proteins, including glutathione synthesis genes [23,27]. Thus, 

given that SIRT3 null cells have increased expression of glutathione synthesis, it would be 

interesting for future studies to investigate whether the increased ROS in cells with SIRT3 

deletion induces the antioxidant stress response via NRF2 to help these cells cope with increased 

oxidative stress. 

In addition to playing an important role as an antioxidant, glutathione is important for 

proliferation and has been implicated in chemoresistance [28,29]. Along the line with the idea 

that glutathione may serve to protect SIRT3 null cells from increased ROS, glutathione inhibition 
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was hypothesized to have a significant effect on cells with SIRT3 deletion; however, that was not 

the case. We found that inhibition of glutathione synthesis decreased proliferation of control and 

SIRT3 null cells to the same extent. Although glutathione is thought to be the major antioxidant, 

a recent study has highlighted the fact that additional nodes of the antioxidant stress response can 

compensate in the absence of glutathione [30]. These findings highlight the plasticity of the cell 

and support the idea that combination therapies may be more efficient for treatment of cancer. 

Lastly, glutathione has been implicated in resistance to chemotherapy [23,31]. Thus, determining 

whether SIRT3 plays a role in mediating resistance to cancer therapies will also be important. 

 

4.6 Conclusion 

Cancer continues to be a leading cause of death worldwide. The impetus for this 

dissertation came from the hope of identifying an Achilles’ heel for treatment of cancer. Moving 

towards a future of personalized medicine, a better understanding of the mechanisms harnessed 

by tumor cells may aid in determining the most advantageous therapy for a patient given the 

genetic background of their cancer. The work presented in this dissertation aimed to uncover 

mechanisms adopted by tumors with loss or decreased expression of SIRT3. SIRT3 is a master 

regulator of mitochondrial biology. By deacetylating its targets, SIRT3 orchestrates various 

nodes of metabolism to maintain cellular homeostasis. Our findings reveal alterations in multiple 

nodes of glutamine metabolism in the absence of SIRT3. This body of work contributes to the 

knowledge of how SIRT3 loss results in metabolic rewiring to promote tumorigenesis. We hope 

that these findings will provide insight into therapies for treatment of cancer.  
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APPENDIX I 

 

Supplemental data figures and tables to accompany Chapter II. 
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Figure S2.1, related to Figure 2.1. (A) Dose response curves of WT and SIRT3 KO MEF 
growth after treatment with Decitabine, (B) Vinblastine Sulfate, (C) Vindesine, and (D) 
Vincristine Sulfate for 72 hours. (E) Glutamine uptake and (F) ammonium production in control 
(shNS) or SIRT3 knockdown (shSIRT3) MCF10A cells. (G) Glutamine uptake and (H) 
ammonium production in SIRT3 KO MEFs expressing empty vector or SIRT3.  
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Figure S2.2, related to Figure 2.2. (A) Diagram generated by MetaboAnalyst 3.0 analysis of 
highlighting metabolic pathways significantly affected by azaserine in SIRT3 KO MEFs. (B) 
Schematic of pyrimidine metabolism. Shaded in pink is the de novo pyrimidine synthesis 
pathway, and shaded in blue are intermediates in pyrimidine degradation or the salvage pathway. 
Blue arrows represent purine salvage pathways. (C) N-carbamoyl aspartate, (D) orotate levels in 
WT and SIRT3 KO MEFs treated with 30 µM azaserine (or DMSO as a control) for 6 hours. (E) 
Incorporation of 14C-aspartate, or (F) 3H-thymidine into DNA in WT and SIRT3 KO cells. WT 
and SIRT3 KO MEFs were serum starved for 16 hours and then labeled and stimulated by 
insulin for 8 hours. Induction with insulin compared to serum starved values were graphed. (G) 
Steady-state levels of metabolites in pyrimidine metabolism in WT and SIRT3 KO MEFs. (H) 
Immunoblot of control (shNS) and PPAT knockdown (sh#1 or sh#2) in WT and SIRT3 KO 
MEFs.  
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Figure S2.3, related to Figure 2.3. (A) Immunoblots of phospho- and total S6 in control (shNS) 
or SIRT3 knockdown (sh1 or sh2) MCF10A cells. (B) Cell size of WT and SIRT3 KO MEFs 
under serum starvation or basal conditions (n = 3). Cell size was measured using a Beckman 
Coulter Z2 cell counter. Immunoblots proteins phosphorylated upon PI3K (C), and Ras (D) 
activation in WT and SIRT3 KO MEFs after 16 hours of serum starvation or nutrient replete 
conditions. (E) Gene expression of genes in purine and pyrimidine synthesis from RNA Seq data 
from WT and SIRT3 KO MEFs. (F) Immunoblots of WT and SIRT3 KO MEFs treated with 
DMSO or 100 nM rapamycin for 24 hours. Glucose uptake (G) and lactate production (H) in WT 
and SIRT3 KO MEFs treated with 100 nM rapamycin or DMSO as a control. (I) N-carbamoyl 
aspartate levels in WT and SIRT3 KO MEFs treated with DMSO (control) or 100 nM 
rapamycin. (J) Cell size of WT and SIRT3 KO MEFs treated with DMSO as a control, or 100 
nM rapamycin for 24 hours.  
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