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Abstract 

One of the hallmark features of cancer is altered metabolism, whereby rates of 

glucose and fatty acid turnover are constitutively elevated to support uncontrolled 

propagation. The key regulator of energy metabolism is the enzyme AMP-activated 

protein kinase (AMPK), which suppresses anabolic pathways that increase proliferation 

and enhanced catabolic pathways that liberate energy, all in an attempt to maintain energy 

homeostasis in the cell. In addition to regulating metabolism, AMPK has also been 

implicated as a tumour suppressor and we have suggested that it may be a modulator of 

radiation responses in cancer cells in vitro. Moreover, we investigated the molecular 

mechanisms that facilitate ionizing radiation (IR)-induced AMPK activation, as well as 

demonstrated that certain AMPK activating drugs can work as radiation sensitizers in a 

variety of cancer cell lines. Stemming from this framework, we also provided 

experimental evidence that suggests AMPK is centrally involved in pathways that 

regulate DNA damage and proliferation at the basal level, and in response to IR. One of 

the targets involved in these pathways that can also influence AMPK regulation is the 

stress-activated Sestrin 2 protein. We have provided evidence that Sestrin 2 mediates IR-

induced activation and expression of AMPK. Taken together, this work has provided 

novel insight into the ability of IR to modulate the activity and expression of AMPK, 

which in turn is required to facilitate the appropriate stress-response in cancer cells. Given 

its emerging interest in the cancer field, AMPK may become an important biomarker for 

evaluating clinical outcomes in patients undergoing radiation therapy.  
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Preface 

This doctoral work has been prepared as a “sandwich” Ph.D. thesis, and consists 

of four manuscripts, all of which have now been published, or accepted for publication. 

Many of the experimental protocols were oriented around the general focus on AMPK 

signalling in response to ionizing radiation, and as such, the reader may encounter some 

repetition in experimental design between articles. Following the introduction and 

background information, each paper is presented as a separate chapter that highlights a 

particular theme within the overall framework of the thesis. Supporting, unpublished data 

may also be included following each paper to strengthen the materials and objectives of 

each individual study. The figures are denoted so that the chapter number is indicated 

first, followed by the actual figure number that corresponds to the appropriate paper (e.g. 

Figure 1 for chapter 2 is labeled as Figure 2.1).  

 The last chapter will contain a conclusion that will summarize the major findings 

of the author’s thesis, as well as provide future directions to expand on this work. 

References contained within the body of the sandwich thesis are formatted in accordance 

to the journal in which they were published. Literature cited within the introduction and 

conclusion of the thesis will adhere to the American Psychological Association (5
th

 

edition) style, with the bibliography of references appearing at the end of the dissertation. 

Additional information pertaining to general methodologies and supporting experiments 

are provided in Appendix 1 and 2 respectively.   
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Chapter 1: Introduction 

Cellular Energy Metabolism  

The sustained survival and function of a living cell is dependent on the dynamic 

regulation of energy metabolism. Efficient metabolism is comprised of a highly complex 

series of chemical reactions that are organized into specific metabolic pathways that 

produce high energy compounds, including nicotinamide adenine dinucleotide (NAD+), 

flavin adenine dinucleotide (FAD), and adenosine triphosphate (ATP) (Campbell & 

Farrell, 2011). Energy in the form ATP can be generated from the breakdown of simple 

and complex sugars (carbohydrates), as well as fats and protein. This process requires 

that these substrates be broken down into simpler components, where carbohydrates can 

be hydrolysed into glucose, fats can be converted into glycerol or fatty acids, and protein 

into amino acids (Campbell & Farrell, 2011).  

Glucose is one of the most readily available forms of energy that can be utilized 

through two distinct metabolic pathways, through glycolysis, which can occur 

independently of molecular oxygen, or through oxidative phosphorylation via the Krebs 

cycle, which does require oxygen (Lunt & Vander Heiden, 2011). Glycolysis occurs in 

the cytoplasm and can metabolize glucose to pyruvate, which can further be reduced to 

lactate or ethanol, a process known as fermentation. The free energy generated from this 

process can quickly generate 2 molecules of ATP per molecule of glucose (Campbell & 

Farrell, 2011). On the other hand, in the presence of oxygen pyruvate can also enter the 

mitochondria and get converted into Acetyl CoA to initiate the Krebs cycle (also known 

as the tricarboxylic acid (TCA) or citric acid cycle). The Krebs cycle was initially 
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described by the German biochemist Hans Krebs as a series of multi-step redox reactions 

within the mitochondria that generates a high yield of ATP, as well as CO2 (Lunt & 

Vander Heiden, 2011). The complete oxidation of one molecule of glucose through the 

Krebs cycle efficiently produces 36 molecules of ATP (Weinberg & Chandel, 2009).  

To a similar extent fatty acids can also be metabolized through the Krebs cycle to 

generate ATP. This procedure requires that the fatty acids be transported to the 

mitochondrial membrane by carnitine-palmitoyl transferase-1(CPT-1), which is then 

shuttled across the inner mitochondrial membrane by carnitine (Campbell & Farrell, 

2011). Once the fatty acids have entered the mitochondria they undergo beta oxidation by 

being converted into acetyl CoA. The rate-limiting step for the beta oxidation of fatty 

acids is CPT-1, which can be mutated in cancer (Lunt & Vander Heiden, 2011). 

Conversely, proteins can be broken down into amino acids, which can further be oxidized 

into urea and CO2 to generate ATP, or be utilized as intermediate substrates in the Krebs 

cycle. 

Energy Metabolism in Cancer Cells 

One of the hallmarks of cancer is that these cells exhibit altered metabolism 

compared to normal tissue. To support their rapid proliferation, cancer cells utilize 

nutrients such as glucose and fatty acids at a much higher rate than normal cells 

(Weinberg & Chandel, 2009). Interestingly, malignant cells also predominantly 

metabolize glucose through glycolysis rather than oxidative phosphorylation, even in the 

presence of an oxygen-rich environment. This observation was first made in the 1920’s 

by Otto Warburg, who noted that tumour slices consume glucose at high rates through 
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aerobic glycolysis, a phenomenon called the “Warburg effect” (Warburg, Wind, & 

Negelein, 1927). Warburg hypothesized that this shift in glucose metabolism from 

oxidative phosphorylation to glycolysis was due to a dysfunctional mitochondrial 

phenotype in the cancer cells (Figure 1). However, recent studies have indicated that most 

tumour cells have fully functioning mitochondria (Fantin, St-Pierre, & Leder, 2006; 

Moreno-Sanchez, Rodriguez-Enriquez, Marin-Hernandez, & Saavedra, 2007), pointing to 

a different role for glycolysis in supporting cancer proliferation. 

 

Figure 1.1: Diagrammatic representation of the Warburg effect. The double arrows 

indicate the preferential pathway for glucose metabolism in cancer cells. The red “X” 

implies that the mitochondria in cancer cells may be damaged (according to Warburg).  
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One explanation for the preferential use of glycolysis to obtain energy in cancer 

cells is the fact that fermentation (pyruvate � lactate + ATP) occurs at a rate of 

approximately 100 times faster than oxidative phosphorylation (Bartrons & Caro, 2007). 

On average, this would yield roughly 18 times more ATP per mole of glucose than the 

Krebs cycle would generate in the same amount of time (Bartrons & Caro, 2007). 

Additionally, elevated rates of glycolysis in cancer also provide these cells with the 

glycolytic building-blocks (nucleotides, amino acids, and lipids) required for sustained 

macromolecule biosynthesis that are essential for cell division (Shaw, 2006). 

Another possible explanation for the glycolytic phenotype observed in cancer is 

that tumours often undergo periods of hypoxia, where their high rates of metabolism 

outstrip the nutrient supply from the surrounding environment. As such, the transcription 

factor hypoxia-inducible factor-1α (HIF-1α) is upregulated. HIF-1α is a key regulator of 

several genes implicated in glycolysis including glucose transporters and lactate 

dehydrogenase (LDH-A), the enzyme that converts pyruvate into lactate (Gatenby & 

Gillies, 2004). Thus, glycolysis may be an adaptation to hypoxic conditions in the 

tumour-environment that may promote a positive-feedback loop of fermentation through 

enhanced HIF-1α expression. Moreover, metabolic byproducts of lactate formation, such 

as hydrogen ions (H+), cause a chronic acidification of the surrounding environment that 

may favor malignant cell survival (Bartrons & Caro, 2007). Whereas extended exposure 

of normal cells to an acidic microenvironment will trigger apoptosis through a p53-

dependent mechanism, most cancer cells have mutated p53 and can withstand lower pH 

levels, thereby selecting for the malignant transformation of cells. 
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Cancer cells also rely on high rates of de novo lipid synthesis to support their 

proliferation (Hatzivassiliou et al., 2005). To support this increase in lipid generation, 

tumours can adapt their metabolism towards the utilization of citrate as a precursor for 

fatty acid and cholesterol synthesis. Normally, citrate is generated as a Krebs cycle 

intermediate when pyruvate enters the mitochondria and gets converted to acetyl CoA. 

Citrate is created by the oxidation of acetyl CoA, which is then converted into 

oxaloacetate to carry out the full oxidation of glucose through the Krebs cycle (Gatenby 

& Gillies, 2004). However, citrate can also exit the mitochondria and be exported to the 

cytosol where it can re-generate acetyl CoA as the rate-limiting step for de novo lipid 

biosynthesis. Malignant cells exploit this process of citrate metabolism, using it as an 

end-product for lipid synthesis, causing a truncation in the Krebs cycle (Hatzivassiliou et 

al., 2005). Taken together, cancer cells exhibit multiple alterations in substrate 

metabolism to support their uncontrolled growth and proliferation. 

Regulating Energy Balance and the Identification of AMPK 

In light of the multiple pathways that regulate metabolism through various 

substrates, it should be emphasized that ATP is the major energy currency of the cell. 

Structurally ATP consists of three phosphate groups attached to an adenine ring and a 

ribose sugar (adenosine). The phosphate groups bound to ATP are “high energy” bonds 

that can by hydrolyzed, yielding adenosine diphosphate (ADP) or adenosine 

monophosphate (AMP), to provide energy for the cell to do work (Hardie & Hawley, 

2001). The reactions that interconvert ATP, ADP, and AMP nucleotides and the required 
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enzymes to facilitate these reactions are as follows (adapted from Hardie & Hawley, 

2001): 

(1) ATP � ADP + Pi    ATPase 

(2) ATP � AMP +PPi   Ligases 

(3) ADP + Pi � ATP    ATP synthases 

(4) 2ADP + Pi �� ATP + AMP  Adenylate kinase 

where Pi is equal to a phosphate group and the arrows indicate which way the enzyme 

drives the chemical reaction (Hardie & Hawley, 2001). The concentrations of these 

nucleotides in the cell are analogous to the charge on a cell phone battery. The cellular 

“battery” is charging up when it is undergoing catabolic processes that generate ATP 

(reaction 3), such as utilizing nutrients following a meal. Conversely, the cell “battery” 

gets drained when performing the majority of metabolic processes that convert ATP to 

ADP (reaction 1) or AMP (reaction 2). Given the vital role of the cell to maintain the 

appropriate ratios of ATP:ADP and ATP:AMP, it comes as no surprise that specific 

molecular mechanisms have evolved to modulate the levels of these nucleotides. Through 

intense scientific investigation, AMP-activated protein kinase (AMPK) has emerged as 

the “master regulator” of the ATP:AMP ratio (Hardie, 2011; Steinberg & Kemp, 2009). 

 AMPK was initially identified in the 1970’s as a molecule that could inhibit 3-

hydroxy-3-methyl-glutaryl-CoA reductase (HMG-CoA) and acetyl CoA carboxylase 

(ACC1 and ACC2), which are molecules important in fatty acid synthesis (Carlson & 

Kim, 1973). However, the name AMPK was not adopted until the late 1980’s when 

Carling et al. (1987) determined that a single protein kinase was responsible for the 
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phosphorylation and inactivation of both HMG-CoA and ACC in response to rising AMP 

levels (Carling, Zammit, & Hardie, 1987). Hence AMPK was branded after its allosteric 

activator, the nucleotide AMP, which is mainly generated by the adenylate kinase 

reaction (reaction 4) in vivo. 

AMPK Structure and Function 

AMPK is a heterotrimeric serine/threonine protein kinase that is conserved across 

all eukaryotes, including fungi, plants, and animals. The only exception is the obligatory 

intracellular parasite Encephalitozoon cuniculi, which relies on host AMPK to regulate 

energy status (Hardie, Carling, & Gamblin, 2011). AMPK defends cells against 

physiological and pathological stress stimuli, including starvation, heat shock, hypoxia, 

and exercise that lowers the ATP:AMP ratio by shifting metabolism to ATP generation, 

while systematically blocking energy expenditure (Oakhill, Scott, & Kemp, 2009). Since 

AMPK is the focus of this thesis, an overview of this kinase is provided in the 

introduction, with similar discussion found throughout subsequent chapters. 

The AMPK Subunits  

Structurally, AMPK contains multiple subunit isoforms, which include two α-

subunits (α1-2), two β-subunits (β1-2), and three γ-subunits (γ1-3), that allow for up to 12 

heterotrimeric AMPKαβγ combinations in mammals (Hardie, 2011). The genes that 

encode each AMPK subunit are named PRKA, followed by its subunit identifier, A1-2 

for α-subunits, B1-2 for β-subunits, and G1-3 for γ-subunits. In addition, these genes are 

dispersed across different chromosomes: α1 (5p12), α2 (1q31), β1 (12q24.1), β2 

(1q21.1), γ1 (12q12-14), γ2 (7q35-36), and γ3 (2q35) (Steinberg & Kemp, 2009). 
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 In terms of sequence homology, the AMPK α1 and α2 subunits are very similar 

(~550 residues). Both α-subunits have conserved NH2-terminal catalytic domains, 

followed by an auto-inhibitory domain, and divergent COOH-terminal tails (Figure 2) 

(Oakhill et al., 2009). The AMPK β1 and β2 subunits consist of approximately 270 

residues, and with the exception of the first 65 residues, are also highly conserved. On the 

other hand, the AMPK γ1, γ2, and γ3 subunits vary in sequence length and NH2-terminus. 

Beyond this though, the γ-subunits share a conserved COOH-terminal region of 

approximately 300 residues that contain four cystathionine beta synthase (CBS) domains 

that are important in binding nucleotides (ATP, ADP, and AMP) (Oakhill, et al., 2009). 

 The catalytic α-subunit of AMPK (63kDa) consists of a kinase domain at the N-

terminus, followed by a regulatory domain that contains an auto-inhibitory sequence 

(AIS), and a subunit interacting domain (β-SID) that binds to the β-subunit at the C-

terminus (Figure 2) (Hardie & Hawley, 2001). Phosphorylation of AMPKα on its 

conserved Thr172 residue within the activation loop is required for full enzyme activity. 

The regulatory β-subunit of AMPK acts as a scaffold on which the α and γ-subunits can 

bind. There are two conserved regions on the β-subunit known as the kinase interaction 

sequence (KIS) and the associated with SNF1 kinase (ASC, the yeast orthologue of 

AMPK), where the subunits can assemble respectively (Steinberg & Kemp, 2009). The β-

subunit also contains a mid-molecule glycogen binding domain, known as the 

carbohydrate binding module (CBM) that metabolizes starch and glycogen. The role of 

the CBM is still being elucidated, but it may aid in the localization of AMPK to 

downstream substrates that also bind glycogen, such as glycogen synthase (Jorgensen et 
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al., 2004). In addition, the AMPK β1-subunit can undergo post-translational modification 

by myristoylation and phosphorylation of its Ser108 residue, which is required for 

AMPK localization and activity (Figure 2) (Oakhill et al., 2010). Myristoylation is a 

frequently used method of post-translational modification via the addition of myristic 

acid to the N-terminus of proteins, which in turn, acts as a lipid anchor to secure 

signalling molecules to membranes. In the case of the AMPK, myristoylation of the β-

subunit is absolutely essential to initiate AMPK activation in response to AMP (Oakhill 

et al., 2010). 

 

Figure 1.2: The characteristics of the AMPK subunits (modified from Shirwany & Zou, 

2010). The numbers associated with the AMPK α1 and β1 subunits indicate the number 

of residues. P-Thr172 and P-Ser108 highlight the phosphorylation sites on the AMPK 

subunits that are associated with its activation. AIS: auto inhibitory sequence, β-SID: β-

P-Ser108

P-Thr172

Mry

γ1

Bateman 1 domain                 Bateman 2 domain
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subunit interacting sequence, Mry: myristoylation GBD: glycogen binding domain, and 

αγ-SBS: α and γ subunit interacting sequence. 

The four tandem CBS repeats of the γ-subunit of AMPK were initially defined by 

Bateman (1997) who observed that these repeats occur as two pairs of domains, known as 

Bateman domains (Figure 2) (Bateman, 1997). These domains are congregated together 

in a pseudosymmetrical manner, such that there are four clefts where adenine nucleotides 

such as ATP, ADP, and AMP can bind (site 1, site 2, site 3, and site 4). Interestingly, 

only three of these sites on AMPKγ actually bind adenine nucleotides, with one site (site 

2) always remaining unoccupied. Moreover, site 4 of AMPKγ associates with AMP very 

tightly, and does not exchange with ATP or ADP. Thus, the ability of AMPK to sense 

cellular energy status is dependent on sites 1 and 3 of the AMPK γ-subunit, which can 

competitively bind all three adenine nucleotides (ATP, ADP, and AMP) with relatively 

the same affinity (Hardie et al., 2011).  

One intriguing question that arises when addressing the ability of AMPKγ to bind 

adenine nucleotides is how ADP and AMP effectively compete with ATP when the total 

ATP concentrations are usually exceedingly higher than those of ADP and AMP. One 

possibility is that the majority of cellular ATP is bound to magnesium (Mg.ATP
2-

), which 

has a 10-fold lower affinity then free ATP (Xiao et al., 2011). Therefore, ADP and AMP 

may only need to compete with free ATP for site 1 and 3 binding to the AMPKγ subunit, 

which is present at similar concentrations as ADP/AMP.   

Modes of AMPK Activation  

Adenine Nucleotides 
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As stated above, a decrease in the cellular ATP detected by increased ADP or 

AMP levels will trigger approximately a 10-fold increase in AMPK activity. Binding of 

ADP or AMP will increase AMPK activity by causing a conformational change that 

promotes α-subunit Thr172 phosphorylation, as well as inhibition of Thr172 de-

phosphorylation by protein phosphatases (Hardie, 2011). In addition, AMP but not ADP 

was also shown to support allosteric activation of AMPK that has already been 

phosphorylated on Thr172 of the α-subunit (Corton, Gillespie, Hawley, & Hardie, 1995). 

Since AMP continues to be the only adenine nucleotide that can allosterically activate 

AMPK it seems appropriate that the name AMPK (after AMP-activated protein kinase) 

remain valid, despite the recent identification of “ADP sensing” by this kinase (Xiao et 

al., 2011).  

Identification of Upstream AMPK Kinases 

Since the early 2000’s, it had became evident that phosphorylation events 

occurred on the AMPKα Thr172 residue that were vital for full AMPK activity. 

However, many attempts in rodent systems have failed to identify these potential 

upstream phosphotransferases that were responsible for this mechanism. It wasn’t until 

2003 that upstream regulators of AMPK were identified using studies in yeast (S. 

cervisiae) (Hardie, 2005). Several groups discovered potential regulators of the yeast 

orthologues of AMPK α (Snf1) and γ (Snf4), including Pak1 (Nath, McCartney, & 

Schmidt, 2003), Tos3 (Hong, Leiper, Woods, Carling, & Carlson, 2003), and Elm1 

(Sutherland et al., 2003), which were all found to phosphorylate and activate AMPK. 

Interestingly, two of the closest matches to these three yeast kinases in mammals were 
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liver kinase B1 (LKB1) and calmodulin-dependent protein kinase kinase β (CaMKKβ) 

(Hardie, 2005).  

It is now known that the major upstream kinase that regulates mammalian AMPK 

is LKB1 (also referred to as serine/threonine kinase 11). LKB1 is the tumour suppressor 

that is mutated in Peutz Jeghers syndrome, which is associated with the development of 

hamartomas (benign intestinal polyps) and an increased risk for developing malignant 

cancers at other sites within the body (Hardie, 2005). Inactive LKB1 is sequestered in the 

nucleus, but active LKB1 translocates to the cytoplasm where it forms a heterotrimeric 

complex with two accessory subunits, Ste20-related adaptor protein (STRAD), and 

scaffolding mouse 25 protein (MO25) (van Veelen, Korsse, van de Laar, & 

Peppelenbosch, 2011). STRAD blocks the nuclear re-localization of LKB1, while Mo25 

stabilizes the association for the LKB1-STRAD-Mo25 complex. In addition, the LKB1-

STRAD interaction also promotes LKB1 auto-phosphorylation at various sites, but the 

functional relevance of this is still being elucidated (van Veelen et al., 2011).  

LKB1 phosphorylates AMPK on its α-Thr172 residue, leading to at least a 100-

fold increase in AMPK activity (Hardie, 2011). Interestingly, LKB1 has been suggested 

to have a basal state of continuous activity, and therefore its ability to increase AMPK 

activity is mainly dependent on AMP binding and causing a conformational change to 

AMPK to make it a better substrate for Thr172 phosphorylation (Sakamoto, Goransson, 

Hardie, & Alessi, 2004). In addition, LKB1 is also responsible for the phosphorylation 

and activation of 12 other AMPK-related kinases, on residues that are equivalent to 

Thr172 of AMPKα1/2 (Lizcano et al., 2004). The physiological functions of most of 
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these kinases are not well understood, but unlike AMPK, they do not appear to be 

regulated by metabolic stress.  

While LKB1 is ubiquitously expressed, some tissues can also mediate α-Thr172 

phosphorylation of AMPK through CaMKK. Certain tissues such as the hypothalamus, 

neurons, and T-lymphocytes can stimulate AMPK through calcium (Ca
2+

) signalling 

pathways that activate CaMKK (Hardie, 2011). Studies have shown that CaMKKβ rather 

than CaMKKα is the principal kinase that phosphorylates AMPK in response to increase 

intracellular Ca
2+

 levels (Hawley et al., 2005; Woods et al., 2005). Interestingly, 

activation of AMPK by CaMKKβ can occur without any changes in adenine nucleotide 

levels, although Ca
2+

 can work synergistically with enhanced AMP or ADP levels to 

modulate AMPK activity (Hardie, 2011).  

Recently, support for a third AMPK kinase that is present in mammals has been 

recognized. Transforming growth factor β (TGF-β)-activated kinase (TAK1) is a member 

of the mitogen-activated protein kinase kinase kinase (MAPKKK) family, and has been 

shown to phosphorylate and activate AMPK in vitro (Momcilovic, Hong, & Carlson, 

2006). However, the physiological importance of TAK1-mediate AMPK phosphorylation 

remains ambiguous and studies are still evaluating its ability to regulate AMPK activity 

in vivo.  

Pharmacological Activators of AMPK 

Numerous pharmacological agents have also been reported to activate AMPK 

including the nucleoside 5-aminoimidazole-4-carboxamide riboside (AICAR), the anti-

diabetic agents metformin and phenformin, and polyphenols such as resveratrol (Fogarty 
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& Hardie, 2010). AICAR was the first compound identified to enhance AMPK activity 

both in vitro and in vivo (Corton et al., 1995; Sullivan et al., 1994). AICAR enters the cell 

via the adenosine transporters, where it is subsequently converted to the AMP mimetic 

“ZMP” by adenosine kinase. This ZMP analog of AMP can then bind to the AMPK γ-

subunit to trigger the allosteric activation of this kinase (Fogarty & Hardie, 2010).  

The oral hyperglycemic agent metformin (N’,N’-dimethylbiguanide) is one of the 

most prescribed type 2 diabetes drugs worldwide (Kourelis & Siegel, 2011). It, along 

with other biguanides (phenformin and buformin), are derived from the herb Galega 

officinalis (the French lilac) which had reported medicinal uses dating back to medieval 

times for the treatment of polyuria and halitosis (Dowling, Goodwin, & Stambolic, 2011). 

While phenformin and buformin were withdrawn from clinical use due to lactic acidosis 

toxicity, metformin has been found to be very well tolerated, and was approved for the 

treatment of hyperglycemia in Canada in 1972 (Dowling et al., 2011). The major effect of 

metformin action has been shown to lower blood glucose levels in human patients by 

blocking hepatic gluconeogenesis. Furthermore, studies in vitro have shown metformin 

enhances AMPK activity, which in turn decreases fatty acid synthesis, stimulates glucose 

uptake, and sensitizes cells to insulin (Zang et al., 2004; Zhou et al., 2001).  

However, there is still debate as to whether AMPK is the primary target of 

metformin action, since a recent report found that mice lacking AMPK expression in the 

liver still maintained the hypoglycemic effect of metformin (Foretz et al., 2010). In 

addition, some AMPK-activating agents, including metformin, were found to be 

mitochondrial poisons that either inhibit the respiratory chain (biguanides) or block ATP 
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synthase (resveratrol), thereby causing indirect activation of AMPK by lowering ATP 

levels (Gledhill, Montgomery, Leslie, & Walker, 2007; Owen, Doran, & Halestrap, 

2000).  

It should be noted that following the characterization of AMPK as a target for the 

treatment of metabolic disease, major investigation into developing specific activators of 

AMPK has been commenced by pharmaceutical companies. The first direct chemical 

activator of AMPK was a derivative of theinopyridone named A-769662, developed by 

Abbott Laboratories (Cool et al., 2006). A-769662 activates AMPK independent of 

adenine nucleotide levels (AMP), and the upstream kinases LKB1 and CaMKKβ. 

However, it does require auto-phosphorylation of Ser108 of the AMPK β-subunit. In vivo 

studies of ob/ob mice treated with A-769662 found a significant reduction in plasma 

glucose and triglyceride levels (Cool et al., 2006), but its usefulness in humans is tainted 

by poor oral absorption.  

More recently, a compound identified as PT1 was shown to directly activate 

AMPK through association and inhibition of its α-subunit auto-inhibitory domain (Pang 

et al., 2008). Like the Abbott Laboratories compound, treatment with PT1 in vitro 

enhanced AMPKα-Thr172 phosphorylation independently of the AMP/ATP ratio, and 

upstream regulation by LKB1 or CaMKKβ (Pang et al., 2008). However, the effects of 

PT1 using in vivo models are still being elucidated.  

Downstream Targets of AMPK 

 Once activated, AMPK directly phosphorylates a number of downstream targets 

that acutely affect energy metabolism and growth, or induce changes in gene expression 
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that will lead to long-term alterations in metabolic programming (Mihaylova & Shaw, 

2011). AMPK has a vast number of substrates on which it can act (Figure 3), but in 

general this enzyme upregulates catabolic pathways and suppresses anabolic pathways to 

restore energy balance to the cells. 

 

Figure 1.3: Downstream targets of AMPK (modified from Mihaylova & Shaw, 2011). 

The targets shown in red have been shown to be regulated by other AMPK-like kinases. 

Glucose Uptake 

Specific examples of catabolic pathways that are enhanced by AMPK include 

glucose uptake and fatty acid oxidation. AMPK can stimulate glycolysis through the 
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direct phosphorylation of phosphofructokinase (PFK). Furthermore, AMPK activation 

stimulates translocation of the glucose transporter GLUT4, to the plasma membrane to 

enhance glucose entry into the cell (Steinberg & Kemp, 2009). AMPK can also further 

increase glucose uptake by elevating the transporter activity of GLUT1 at the plasma 

membrane (Barnes et al., 2002). Notably, these effects of AMPK on glucose uptake can 

occur independently of insulin action, which is beneficial in insulin-resistant individuals. 

At the transcriptional level AMPK can also increase GLUT4 gene expression through the 

phosphorylation and regulation of the transcription factor peroxisome proliferator-

activated receptor gamma coactivator 1-alpha (PGC 1α), or GLUT4 enhancer factor 

(GEF). Moreover, through a similar mechanism involving PGC 1α, AMPK can also 

increase mitochondrial biogenesis (Fogarty & Hardie, 2010).  

Fatty Acid Oxidation 

As stated previously, AMPK was initially characterized as a kinase that could 

inhibit ACC and HMG-CoA, which are the rate limiting steps for fatty-acid and sterol 

synthesis. Early studies identified that AMPK phosphorylated ACC at three different 

serine residues, Ser79, Ser1200, and Ser1215 (Davies, Sim, & Hardie, 1990). Of these 

multiple serine residues, it was found that Ser79 is the major site responsible for AMPK-

mediated inhibition of ACC activity (Davies et al., 1990). 

AMPK is capable of stimulating fatty acid oxidation by decreasing malonyl-CoA 

levels through inhibition of ACC2, and subsequent increasing CPT-1 activity. To a 

similar extent, AMPK blocks anabolic fatty acid synthesis by inhibiting HMG-CoA and 

fatty acid synthase (FAS) through reduction of ACC1 activity (Steinberg & Kemp, 2009). 
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Thus, by lowering energy-consuming process such as lipid synthesis on one hand, and 

increasing ATP producing pathways such as glycolysis and beta oxidation of fatty acids 

in the other, AMPK activation restores energy homeostasis to the cell.  

Protein Synthesis and mTOR Signalling  

Another significant contributor to energy expenditure in the cell is protein 

synthesis. Thus, an important mechanism to conserve energy under metabolic stress is to 

inhibit protein production. AMPK blocks protein synthesis through multiple points. It 

phosphorylates and activates eukaryote elongation factor 2 kinase (EEF2K), which in 

turn phosphorylates and inhibits eEF2, a chief promoter of peptide elongation and protein 

production (Browne, Finn, & Proud, 2004). In addition, AMPK is a potent inhibitor of 

the mammalian target of rapamycin (mTOR), a protein kinase that promotes cell growth, 

proliferation, protein synthesis, and has been implicated in the progression of cancer.  

mTOR is a member of the phosphatidylinositol 3-kinase related kinases (PIKK) 

superfamily, which can exists as two different protein complexes mTORC1 and 

mTORC2 (van Veelen et al., 2011). The mTORC1 complex consists of mTOR, the 

regulatory associated protein of mTOR (raptor), and mLST8, and is sensitive to inhibition 

by the chemical drug rapamycin. mTORC1 phosphorylates p70-S6 kinase (S6K) and 

eukaryotic initiation factor 4E (eIF4E) binding protein 1 (4E-BP1) to initiate protein 

synthesis, as well as regulates cell proliferation and survival (van Veelen et al., 2011). On 

the other hand, mTORC2 exists as a protein complex containing mTOR, rapamycin-

insensitive companion of mTOR (rictor),  and mammalian stress-activated protein kinase 

interacting protein 1 (mSIN1) (Bhagwat & Crew, 2010). mTORC2 was recently 
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discovered to be the long sought after protein kinase that phosphorylates Akt on Ser473, 

which was previously given the alias PDK2 (Sarbassov, Guertin, Ali, & Sabatini, 2005). 

In addition, mTORC2 plays a role in cell size and regulates the actin cytoskeleton 

(Bhagwat & Crew, 2010). 

AMPK inhibits the activity of the mTORC1 complex through multiple 

mechanisms to conserve energy. One mechanism by which AMPK blocks mTOR is 

through modulation of the tuberous sclerosis complex (TSC) proteins (TSC1:TSC2). 

TSC1:TSC2 have GTPase activity towards the small G-protein Rheb, which promotes 

mTORC1 activity when it is GTP-bound. AMPK activates TSC2 by direct 

phosphorylation on its Thr1227 and Ser1345 residues, which in turn converts Rheb into 

its inactive GDP-bound state (van Veelen et al., 2011). An alternative mechanism for 

AMPK to inhibit mTORC1 is through direct phosphorylation and inhibition of the mTOR 

binding partner raptor, which blocks the ability of mTOR to phosphorylate its 

downstream substrates (Gwinn et al., 2008).  

Interestingly, AMPK and mTOR are known to converge on unc-51-like kinase 1 

(ULK1), a protein kinase that regulates autophagy. Autophagy is a process of “self-

engulfment” where cells dissolves their own organelles (macroautophagy) and 

cytoplasmic machinery (microautophagy) to provide adequate nutrients under low-energy 

conditions (Mizushima, 2010). AMPK can directly phosphorylate and activate ULK1, 

which is important to initiate autophagy, sustain energy balance, and maintain 

mitochondrial homeostasis. Conversely, mTOR exhibits inhibitory phosphorylation on 
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ULK1, thereby promoting energy expenditure and cell proliferation (Mihaylova & Shaw, 

2011). 

Modulation of Gene Transcription 

Finally, AMPK is known to phosphorylate and regulate a wide range of 

transcription factors, their co-activators, as well as directly interact with histones. For 

example, in response to metabolic stress AMPK can phosphorylate p53 on its Ser15 

residue and cause cell cycle arrest (Jones et al., 2005). Furthermore, recent evidence has 

demonstrated that AMPK can provoke transcriptional regulation through the direct 

phosphorylation of histone H2B on Ser36 (Bungard et al., 2010). In addition, AMPK may 

be recruited to the promoters of stress-induced genes such as p21 and CPT1 by 

transcription factors such as p53 (Bungard et al., 2010). Taken together, AMPK can 

target multiple signalling pathways by acute phosphorylation or alterations in gene 

transcription in an attempt to attenuate metabolic stress.  

Pharmaceutical Modulators of AMPK Activity as Anti-Cancer Agents 

 AMPK is a known regulator of metabolism that has also been implicated in 

controlling cell growth and proliferation. The increasing interest in AMPK as a target for 

cancer has come about, in part from the realization that this kinase is sandwiched between 

multiple tumour suppressors, including LKB1, p53, and TSC1/2. Moreover, all of these 

proteins are part of a signalling cascade that negatively regulates the mTOR pro-survival 

pathway. Thus, it stands to reason that drugs that modulate AMPK activity may work as 

anti-cancer agents that can slow down or block uncontrolled proliferation through 

induction of cell cycle checkpoints or through suppression of mTOR. Furthermore, 
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pharmaceutical agents that increase AMPK activity may be beneficial as adjuvants for 

chemo or radiation therapy, the latter which is discussed in more detail in later sections.  

AICAR 

 Early reports using AICAR demonstrated that it can inhibit cell growth through 

regulation of AMPK or de novo purine synthesis (Imamura, Ogura, Kishimoto, 

Kaminishi, & Esumi, 2001; Thomas, Meade, & Holmes, 1981). In cultured cancer cells, 

AICAR treatment activates AMPK, which in turn leads to Ser15 phosphorylation of p53 

and subsequent G1 cell cycle arrest (Imamura et al., 2001). In addition, AICAR has been 

shown to inhibit tumour growth in colon cancer xenografts in vivo (Buzzai et al., 2007).  

Furthermore, studies have indicated that AICAR can be an adjuvant to radiation 

therapy. AICAR treatment in prostate cancer cells sensitized them to the cytotoxic effects 

of ionizing radiation (Isebaert, Swinnen, McBride, Begg, & Haustermans, 2011). 

However, the authors of this study suggested that the radiosensitizing effects of AICAR 

are AMPK-independent, and require ZMP accumulation (Isebaert et al., 2011).  

Metformin 

  Prolonged administration of metformin was found to reduce the incidence of 

spontaneous tumour formation in mouse models of cancer (Anisimov et al., 2005). Given 

the fact that there are millions of patients that are chronically administered metformin, 

epidemiologists have initiated studies to see if the results of metformin treatment in mice 

were recapitulated in the human incidence of cancer development. Strikingly, two 

independent reports have found that patients with type 2 diabetes taking metformin rather 

than other anti-diabetic medications were significantly at a lower risk of developing 
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cancer (Bowker, Majumdar, Veugelers, & Johnson, 2006; Evans, Donnelly, Emslie-

Smith, Alessi, & Morris, 2005). This finding sparked wide-spread interest in metformin 

as an anti-cancer target, which became the focus of investigation for many basic 

scientists. 

An initial report from Michael Pollak’s laboratory (Zakikhani, Dowling, Fantus, 

Sonenberg, & Pollak, 2006) demonstrated that metformin could inhibit breast cancer cell 

proliferation in vitro, through an AMPK-dependent mechanism. Later it was shown that 

metformin targets and inhibits mTOR-dependent protein translation in breast cancer cells 

through a mechanism that involves the LKB1/AMPK signalling pathway (Dowling, 

Zakikhani, Fantus, Pollak, & Sonenberg, 2007). Since then, numerous studies have found 

that metformin can inhibit the proliferation of a wide range of cancer cell lines, including 

prostate (Ben Sahra et al., 2008), lung (Antonoff & D'Cunha, 2010), gliomal (Isakovic et 

al., 2007), and ovarian cancer cells (Bodmer, Becker, Meier, Jick, & Meier, 2011). It 

should be noted that all of these studies use relatively high (1-20mM) concentrations of 

metformin to activate AMPK in these cell cultures, which are several fold higher levels 

than can be achieved in human plasma (5-40µM). However, this difference may be 

attributed to the lack of the organic cation transporter-1 (OCT1) in many of these cell 

cultures, which are required for the selective uptake of metformin into the cell (Fogarty & 

Hardie, 2010).  

In addition to metformin working as a cancer monotherapy it has also been used 

as an adjuvant to chemotherapy (Rocha et al., 2011) and as shown in this thesis, radiation 

therapy (Sanli et al., 2010). Interestingly, both the combined effect of metformin with 
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chemo- or radiotherapy potentiated cell cycle arrest and AMPK signalling greater than 

the individual treatments alone. Overall, this observation reinforces the role of AMPK 

activation as a means of suppressing cancer survival. 

Resveratrol 

 The polyphenol resveratrol (3,5,4’-trihydroxystilbene) is a naturally occurring 

phytoalexin that is present in many plants, including grapes, mulberries, peanuts, and 

pine trees (Aggarwal et al., 2004). Resveratrol has been reported to have many favorable 

biological effects (reviewed in Fogarty & Hardie, 2010) and can activate AMPK in vitro 

and in vivo (Baur & Sinclair, 2006). Several studies have indicated that resveratrol has 

anti-proliferative effects in cancers of breast, prostate, colon, thyroid, pancreas, lung, and 

lymphoid origin (reviewed in Aggarwal et al., 2004). These effects are generally believed 

to be mediated through resveratrol-induced cell cycle arrest and apoptosis. In addition, 

resveratrol has also been utilized as a sensitizer of cancer cells to chemotherapy and 

radiation therapy (Hsieh & Wu, 2010; Rashid et al., 2011).  

Statins  

 The 3-hydroxy-3-methylglutaryl-CoA reductase inhibitors, or statins are widely 

used drugs given to cardiovascular disease patients for the management of 

hypercholesterolemia (Goldstein, 2007). Statins reduce the levels of low-density 

lipoproteins (LDL) by effectively blocking HMG-CoA reductase, a molecule required for 

the conversion of HMG-CoA into mevalonate, which is the rate-limiting step in 

cholesterol synthesis (Hindler, Cleeland, Rivera, & Collard, 2006). By depleting 

precursors of the mevalonate pathway, statins also alter the structural components of cell 
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membranes, which rely on cholesterol. In addition, the post-translational modification of 

intracellular G-proteins, including Rac, Rho, and Ras, are block by statins because they 

require mevalonic acid to aid in signal transduction (Goldstein, 2007). Furthermore, some 

statin members including simvastatin (Rossoni et al., 2011), atorvastatin (P. M. Yang et 

al., 2010), and as we have indicated (in this thesis) lovastatin, have been shown to 

activate AMPK signalling.  

The family of statins, including lovastatin, cerivastatin, atorvastatin, simvastatin, 

and pravastatin, have all been implicated in reducing cancer cell proliferation by blocking 

G1-S phase cell cycle transition and inducing apoptosis (Graaf, Richel, van Noorden, & 

Guchelaar, 2004). However, studies have indicated that all statins may not be equal in 

their potency in inducing cancer cell death. Cerivastatin was shown to be ten times more 

effective than other statins in inducing apoptosis in acute myeloid leukemia (AML) cells 

(Wong et al., 2001). In addition, numerous reports have demonstrated that statins can 

block tumour development in vivo (reviewed in Graaf et al., 2004).  

 Perhaps the most studied statin in cancer therapy is lovastatin, which has been 

examined as both a single anti-cancer agent and as a sensitizer for chemo and 

radiotherapy (Agarwal et al., 1999; Fritz, Brachetti, & Kaina, 2003). An added benefit of 

lovastatin in patients undergoing radiotherapy is its ability to reduce IR-induced pro-

inflammation and cell death in normal tissue (Ostrau et al., 2009), while potentially 

sensitizing cancer cells to IR-induced apoptosis. Chapter 3 of this thesis highlights the 

ability of lovastatin to act as a radiation sensitizer in lung cancer cells.   

The Stress-Responsive Sestrin Proteins 
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 Sestrins (SESNs) are a family of stress-regulated proteins that function to protect 

normal cells from oxidative damage through redox and cell signalling pathways 

(Budanov, Lee, & Karin, 2010). In addition, SESNs have been reported to active AMPK 

and suppress mTOR in both flies and mammals that are exposed to genotoxic stress. 

Drosophila melanogaster have a single orthologue of SESN (dSesn), while mammals 

express three different SESNs (SESN1, SENS2, and SESN3) (Lee et al., 2010).  

The Identification of Sestrins  

The discovery of mammalian SESNs was initiated by studies that attempted to 

distinguish novel genes that are regulated by the tumour suppressor p53. In the 1990’s the 

Kley’s laboratory identified a new p53 target gene known as p53-activated gene 26 

(PA26), which had similar properties to the growth arrest and DNA damage (GADD) 

genes (Velasco-Miguel et al., 1999). PA26 (now known as SESN1) was shown to be 

regulated by genotoxic stimuli, including UV radiation, IR, and chemotherapy. 

Interestingly, the PA26 gene can be transcribed into three different mRNAs from 

different promoter regions, which allows for three separate proteins to be encoded: PA26-

T1 (68kDa), PA26-T2 (55kDa), and PA26-T3 (48kDa) (Velasco-Miguel et al., 1999). Of 

these protein isoforms, only T2 and T3 of PA26 are induced by p53, with T2 being 

predominantly expressed isoform in vitro.   

 A few years later a close homologue of the PA26 gene was discovered by 

Feinstein’s group that was characterized as hypoxia-inducible gene 95 (Hi95), based on 

its ability to be regulated by hypoxia and other stress conditions (Budanov et al., 2002). 

As opposed to PA26, Hi95 (SESN2) is transcribed into a single mRNA species that 
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encodes a 60kDa protein. In addition, Hi95’s induction by hypoxia was shown to be p53-

independent, but its regulation by DNA damaging agents including UV radiation and IR 

occurs in a p53-dependent fashion (Budanov et al., 2002).  

 Shortly after Hi95 was characterized, a third member of this family was found 

through in silico analysis and named SESN3 (Peeters et al., 2003). SESN3 has two 

different splice variants that can encode two separate proteins products of 57.3kDa and 

36kDa respectively (Budanov et al., 2010). In addition, unlike PA26 and Hi95, SESN3 

appears to operate independently of p53, but is positively regulated by the forkhead 

family of transcription factors (FoxO) (Chen et al., 2010). 

All three of these proteins make up the family of SESNs, whose name is derived 

from a small Italian town called Sestri Levante, where scientists uncovered their amino 

acid sequence homology (Budanov et al., 2010). Structurally, the predicted organization 

of SESNs suggests that they are globular proteins comprised of mostly α-helical regions, 

although obvious structural folds or motifs are lacking. However, there are numerous 

putative serine/threonine and tyrosine phosphorylation sites present on SESNs, where 

predicted protein kinases including, protein kinase C and casein kinase 2 can act 

(Budanov et al., 2010).  

Antioxidant Function of Sestrins 

 SESNs were recently found to be structurally similar to the Mycobacterium 

tuberculosis AhpD protein, which is part of the alkyl-hydroperoxidereductase system that 

defends against reactive oxygen species (ROS) (Budanov, Sablina, Feinstein, Koonin, & 

Chumakov, 2004). Both AhpD and SESNs were established to be responsible for the 
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regeneration and rescue of thiol-specific peroxidase that become over-oxidized following 

their interaction with ROS, which leads to their inactivation. Indeed, knockdown of 

SESN1 or SESN2 by gene silencing in vitro led to enhanced ROS production (Budanov 

et al., 2004). In addition, a recent report has indicated that oncogenic Ras activation 

promotes the suppression of SESN1 and SESN3, and this may play a role in Ras-induced 

ROS accumulation (Kopnin, Agapova, Kopnin, & Chumakov, 2007).   

Sestrins and Suppression of mTOR Signalling  

 Completely independent of their redox function, SESNs were recently shown to 

have importing physiological function by regulating the AMPK and mTOR pathway. An 

initial report from Karin’s laboratory demonstrated that transient overexpression of 

SESN1 and SESN2 resulted in strong suppression of mTORC1 complex in vitro 

(Budanov & Karin, 2008). The mechanism by which SESN1/2 accomplished this was 

through direct association and activation of AMPK and TSC2, two negative regulators of 

mTOR signalling. Importantly, they also observed that SESN2-deficent mice fail to block 

mTORC1 activation in response to genotoxic challenge (Budanov & Karin, 2008). On the 

other hand, SESN3 can also suppress mTORC1 through TSC2 via enhanced activity of 

FoxO1 (Chen et al., 2010). Taken together, the SESNs play an important role in 

suppressing growth and proliferation in response to stress through TSC2-mediated 

inhibition of mTORC1.  

 Furthermore, the same group of researchers observed that deletion of the 

Drosophila SESN (dSESN) gene caused flies to acquire age-associated pathologies 

including mitochondrial dysfunction, sarcopenia, and triglyceride accumulation that were 
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consistent to chronic TOR activity (Lee et al., 2010). Indeed western blotting analysis of 

dSESN-null flies showed increased TOR expression and reduced levels of AMPK. 

Interestingly, when these flies were treated with AMPK activators such as metformin or 

AICAR, the accumulation of triglycerides and loss of muscle mass was largely 

attenuated, indicating that dSESN is an important upstream regulator of AMPK that is 

required to keep TOR levels in check (Lee et al., 2010).  

Overview of Radiobiology and its Application in Cancer 

 All living things are continually exposed to background ionizing radiation (IR) 

from natural sources, including cosmic and terrestrial radiation. Another potential 

exposure to IR is through man-made sources, which occurs mainly though medical 

diagnostics, occupational use, and power generation (Podgorsak, 2005). Approximately 

90% of all radiation exposure to humans is generated from natural sources, while 

exposure to man-made sources has a much higher propensity for causing cell injury. 

However, uses of man-made IR for medical therapy and diagnosis are becoming more 

widespread due to the recent advances in radiation oncology, medical physics, and the 

implementation of adequate safety measures. The branch of science that studies the effect 

of IR on biological tissue and living organisms is known as radiation biology (Tannock & 

Hill, 1998). This following section will provide background information on IR and its 

relevance as a targeted treatment for cancer. 

Types and Classifications of IR  

Based on its biological effect, IR can be classified into two different categories, 

direct and indirect. Direct forms of IR are charged particles such as alpha particles, 
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electrons, and heavy ions with enough energy to directly disturb the atoms of the medium 

that they pass through (Suntharaling, Podgorsak, & Hendry, 2009). Conversely, γ-rays 

and x-rays are indirect forms of IR that do not cause direct biological damage themselves, 

but rather, produce secondary charged ions after passing through a medium.  

 Ionization is the mechanism by which one or more electrons are removed from the 

nucleus of an atom once they are exposed to IR. This process causes the affected atom to 

leave behind a positive charge (ion) that may go on to produced damaging effects in the 

irradiated biological material (Suntharaling et al., 2009). Ionization of living tissue can 

include disruption of biological material such as DNA, lipids, and proteins, or inorganic 

compounds like minerals and water. Direct IR can cause cell damage to biological 

material (mainly DNA), while indirect IR mainly interacts with inorganic molecules like 

water, which makes up approximately 80% of the cell composition. This indirect action 

of radiation with water is called water-radiolysis and can produce free radicals such as 

OH
-
 (hydroxyl radicals), that can in turn cause cellular damage (Hall et al., 1988).   

Cellular and Molecular Events in Response to Ionizing Radiation 

IR-induced DNA damage and Repair 

IR is known to cause a variety of lesions to the physical structure of DNA, 

including single strand breaks (SSB) in the phosphodiester linkage, double strand breaks 

(DSB), base damage, protein-DNA cross-linkage, and protein-protein cross-linkage 

(Steel, 2002). The quantity of DNA lesions that are generated in response to IR is large, 

but these lesions translate into only a small number of killed cells. For examples, an IR 

dose between 1-2Gy is estimated to give rise to ~1000 SSB, ~40 DSB, and >1000 bases 
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damaged (Bristow & Hill, 1998). Although the number of DSB is low, experimental 

evidence has shown that these DSB play a critical role in IR-induced cell killing and 

correlate with cellular radiosensitivity (Hall et al., 1988).  

There are various cellular mechanisms in place to repair DNA damage that are 

specific to the type of DNA lesion. The vast majority of DNA repair pathways have 

evolved under the premise that DNA damage will only disrupt a single strand of DNA 

(Mladenov & Iliakis, 2011). Therefore, after the lesion is removed from the damaged 

DNA strand, it can be fully restored by using information from the complementary, non-

injured DNA strand. The types of repair processes used to fix this type of SSB include 

base excision repair (BER), nucleotide excision repair (NER), and mismatch repair 

(MMR) (Mladenov & Iliakis, 2011). BER can repair single base DNA damage by using 

DNA glycosylase to remove the injured base, which is then reinserted by DNA ligase 

(Sancar, Lindsey-Boltz, Unsal-Kacmaz, & Linn, 2004). On the other hand, NER is well 

situated to recognize large DNA lesions and is the major repair system for SSB breaks. In 

this case, damaged bases are isolated by excision nuclease, an enzyme that makes dual 

incisions that flank the area of DNA damage in the strand, which can then be removed to 

make way for repair resynthesis (Sancar et al., 2004). MMR is a system that may also be 

used for the detection and repair of erroneous insertions, deletions, or translocations that 

can arise in SSB due to DNA damage (Podgorsak, 2005). 

Higher order eukaryotes have also developed mechanisms to detect and repair 

DSB. The two different pathways used to mend DSB are non-homologous end joining 

(NHEJ) and homologous recombination (HR) (Powell & Kachnic, 2003). The NHEJ 
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pathway is an error-prone mechanism of DNA repair that is able to link two DNA ends 

together without any regard for sequence homology. Since IR-induced DSB are often 

associated with damage to the phosphodiester bonds that make up the DNA backbone or 

to the bases of the terminal nucleotides, prerequisites for NHEJ include extensive 

removal/addition of many nucleotides that may change the DNA sequence of the repaired 

fragment (Mladenov & Iliakis, 2011). Conversely, HR provides a high-fidelity 

mechanism of DNA repair that utilizes the sequence homology of an undamaged copy of 

the broken region from a homologous chromosome. The process takes place in three 

steps: strand invasion, branch migration, and Holliday junction (Sancar et al., 2004). 

Strand invasion and branch migration of a sister chromatid is initiated by the Rad51 

protein following DNA damage. The formation of Holliday junction acts as a mobile 

cross-bridge between the two complementary DNA double stands, where the exchange of 

genetic material required for error-free homologous repair occurs (Sancar et al., 2004).  

Cell Cycle and Checkpoints  

 In living cells that undergo cell division, there is a homeostatic regulation that 

occurs between cell proliferation, differentiation, growth arrest, and apoptosis. The 

temporal framework that balances these events is known as the cell cycle (Figure 4), 

which was described more than 50 years ago by the radiation biologists Howard and Pelc 

(Howard & Pelc, 1953). Four stages of the cell cycle were characterized based on 

observations with microscopy and autoradiography techniques (Howard & Pelc, 1953). 

Cell cytokinesis and segregation of chromosomes were easily visualized under a light 

microscope, which is referred to as mitosis (M-phase). The rest of the cell cycle stages 
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were classified using radioactive labelling of DNA (Rudoltz, Kao, Blank, Muschel, & 

McKenna, 1996). The period where DNA synthesis occurs is known as S-phase, while 

the gap (G-phase) between M and S is G1-phase. There is also a gap phase that takes 

place between S and M, which is called G2-phase. In addition, fully differentiated 

mammalian cells are capable of exiting the cell cycle and subsist in a quiescent state 

known as G0-phase (Figure 4) (Rudoltz et al., 1996).  

 

Figure 1.4: The proposed model of cell cycle as portrayed by Howard and Pelc.  

 The class of signalling molecules that drive cells through the different stages of 

the cell cycle are called cyclin dependent kinases (CDKs) (Walworth, 2000). The CDKs 

have kinase activity that remains inactive until it has bound an accessory protein, termed 

cyclin. Thus, an active CDK consists of a CDK-cyclin complex, which can then 

phosphorylate downstream proteins to drive cell cycle progression (Rudoltz et al., 1996). 

Each CDK-cyclin complex becomes active at distinct points along the phase boundaries 

of the cell cycle. For example, the D family of cyclins binds to CDK4 or CDK6, while 

M
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cyclin E can bind CDK2 to propel cells through the G1-phase and into S-phase (Tyson, 

Csikasz-Nagy, & Novak, 2002). The length of time that CDK-cyclin complexes remain 

associated varies, with levels of cyclin D increasing in early G1-phase and terminating 

into S-phase, while cyclin E levels are enhanced later in G1-phase and are maintained 

through much of S-phase (Walworth, 2000). Similarly, CDK1 (also known as cdc2) 

regulates progression of the cell cycle in later phases by forming a complex with cyclin B 

during the G2-to-M phase transition, allowing cells to exit interphase and enter mitosis 

(Tyson et al., 2002). Levels of cyclin B usually increase in later S-phase, peak in G2/M-

phase, and subsequently decrease in early G1-phase. 

To protect the integrity of the genome the cell cycle is subjected to multiple 

checkpoints, which become active upon DNA damage events, such as IR, and prevent 

further cycle cell progression (Tyson et al., 2002). Defined checkpoints are stepped up 

near the end of G1-phase (also known as the restriction point) before the cells are 

committed to enter DNA synthesis, mid-S-phase, and at the end of G2-phase before cells 

enter mitosis. Many signalling molecules that are responsible for maintenance of these 

checkpoints are mutated in cancer, thus providing a strategy for cancer cells to exhibit 

uncontrolled proliferation (Bristow & Hill, 1998).  

A well defined regulator of the G1 checkpoint is the retinoblastoma (Rb) family 

of proteins (Masciullo, Khalili, & Giordano, 2000). When Rb is in a hypophosphorylated 

state, it binds and prevents the activity of the transcription factor E2F, which in turn is 

required for the transcription of many genes required for S-phase progression. However, 

once Rb is phosphorylated by CDKs, particularly CDK4, it releases E2F and transcription 
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of S-phase genes ensues (Masciullo et al., 2000). A group of small molecule CDK 

inhibitors (CDKIs) are also important for G1 checkpoint regulation, and include p21, p15, 

p16, p27, and p58 (Reed et al., 1994). p21, which is part of the Cip/Kip family 

(p21
WAF1/CIP1

), was the first of the CDKIs characterized, and was initially identified as the 

novel protein associated with CDK2 and the product of p53-mediated transcription. All 

members of this family can bind to and block a wide range of CDKs, thereby blocking 

cell progression at various phases of the cell cycle (Reed et al., 1994). However, only p21 

has been directly implicated in DNA damage-induced cell cycle arrest and is well 

established to be upregulated by IR (Pawlik & Keyomarsi, 2004).  

DNA Damage Recognition and Signalling in Response to IR 

The primary transducer of DSB-induced DNA damage is the serine-threonine 

protein kinase ataxia telangiectasia mutated (ATM) (Lavin & Kozlov, 2007). Structurally, 

ATM is a 350kDa protein that belongs to the PIKK family, which also includes DNA-

dependent protein kinase (DNA-PK) that can also sense DSB, as well as ATM and Rad3-

related protein (ATR) which detects SSB (Ditch & Paull, 2011). Mutation of this gene 

gives rise to ataxia telangiectasia (AT), an autosomal recessive disorder that arises in 

young children (Pawlik & Keyomarsi, 2004). These patients show signs of ataxia that is 

strongly associated with progressive loss of motor function. Hypersensitivity to ionizing 

radiation, as well as increased risk of developing malignancies and type 2 diabetes are 

also hallmarks of AT (Ditch & Paull, 2011). In addition, patients with AT show defects in 

G1, S, and G2 cell cycle arrest in response to IR (Bensimon, Aebersold, & Shiloh, 2011).  
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Activation of ATM by autophosphorylation of its Ser1981 residue occurs in 

response to IR-induced DNA damage. Activated ATM then initiates a complex network 

of signalling events that lead to cell cycle arrest and DNA repair (Bensimon et al., 2011). 

To facilitate the repair of DNA lesions, ATM phosphorylates a member of the histone 

H2A family, known as H2AX on its serine 139 residue. Phosphorylated H2AX (γH2AX) 

is visible as nuclear foci using immunofluorescence and it leads to the recruitment of 

repair complexes at the site of DNA damage (Fernandez-Capetillo, Lee, Nussenzweig, & 

Nussenzweig, 2004). Constituents of this DNA repair complex includes meiotic 

recombination 11 (MRE11), RAD50, and Nijmegen breakage syndrome 1 (NBS1), which 

together comprise the MRE11 complex. Formation of the MRE11 complex then 

facilitates DNA repair through NHEJ or HR, (Lavin & Kozlov, 2007). Surprisingly, the 

MRE11 complex has also recently been reported to catalyze the activation of ATM, 

suggesting that there is a positive feedback loop between the initiation of DNA damage 

recognition and repair (Stracker & Petrini, 2011).  

In addition to DNA repair signalling, ATM as well as its related family member 

ATR, phosphorylate and activates the check point kinases 1/2 (Chk1 and Chk2), which 

are critical for cell cycle regulation in response to DNA damage (Lavin & Kozlov, 2007). 

ATM is also a well established regulator of the tumour suppressor p53 (Lavin & Kozlov, 

2007). Phosphorylation of p53 on multiple serine residues (Ser6, Ser15, Ser20, Ser37, 

Ser46, and Ser392) by upstream stress-kinases including ATM and Chk1/2 are required 

for its stabilization and induction of G1-phase cell cycle arrest (Rodier, Campisi, & 

Bhaumik, 2007). Stable p53 also enhances p21 transcription, which acts as a potent 
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inhibitor of CDKs that drive cell cycle progression through the G1 phase (Bristow & Hill, 

1998). 

Moreover, ATM is also important for cell cycle arrest in the later phases of the 

cell cycle. ATM-mediated phosphorylation of NBS1 is required for intra-S-phase cell 

cycle arrest in response to IR (Stracker & Petrini, 2011). To a similar extent, ATM can 

regulate BRCA1 to activate the S-phase checkpoint (Pawlik & Keyomarsi, 2004). In 

addition, G2 cell cycle arrest following irradiation can be facilitated by ATM through 

multiple pathways. One possibility is that ATM can phosphorylate Chk2 on Thr68, which 

is required for activation of the dual-specificity phosphatases Cdc25A/C, which in turn 

inhibits CDK1 activation (Pawlik & Keyomarsi, 2004). On the other hand, ATM-induced 

p53 activation can enhance the transcription of 14-3-3σ, a signalling protein that blocks 

G2-phase progression by sequestering CDK1 in the cytoplasm (Pawlik & Keyomarsi, 

2004). Furthermore, p21 has also been implicated in blocking the CDK1/cyclin B 

complex, thereby preventing G2-phase progression in response to DNA damage (Woo & 

Poon, 2003).  

Radiotherapy and Fractionation of Tumours 

 Radiation therapy (or radiotherapy) is the medical use of IR to treat cancer by 

delivering a localized dose of IR to the tumour to prevent cell proliferation and metastasis 

(Bristow & Hill, 1998). The goal of radiotherapy is to effectively deliver enough IR to 

kill the tumour without irradiating normal tissue to an extent that it will lead to serious 

side-effects. This principle of deciding on a radiation dose that is effective enough to 

damage the tumour without significantly harming normal tissue is known as the 
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therapeutic ratio (Suntharaling et al., 2009). Conceptually the therapeutic ratio is based on 

two different outcomes, one is represented as the tumour control probability (TCP), and 

the other is the normal tissue complication probability (NTCP) (Suntharaling et al., 

2009). Radiotherapy targets the tumour in a way that maximizes the TCP (>0.5 

probability of tumour control) and at the same time, minimizes the NTCP (< 0.05 

probability of complications) (Steel, 2002).  

 The therapeutic ratio can vary by numerous factors, including dose rate, the 

quality of IR beam, the use of drugs that work as radiosensitizers or radioprotectors, and 

the type of tissue being affected by IR (Bristow & Hill, 1998). One way to enhance the 

therapeutic ratio is to deliver a series of low doses of IR over an extended period of time. 

This is a commonly used treatment modality for radiotherapy and is known as 

fractionation (Tannock & Hill, 1998). Traditionally, clinical radiotherapy is given up to 5 

days per week over a period of 5-7 weeks, with a daily fraction of ~2Gy (Bristow & Hill, 

1998). 

 The foundation of fractionating the doses of IR is based upon five basic biological 

principles, known as the five Rs of radiotherapy (Steel, McMillan, & Peacock, 1989). 

The first principle is radiosensitivity, where a group of cells may have different degrees 

of sensitivity to radiation therapy. Often tumours consist of a heterogeneous population of 

cells that may have different intrinsic radiosensitivities (Steel et al., 1989). Another 

important aspect of fractionation that was discussed earlier is repair following IR. 

Depending on how damaging the IR fraction was, cells may undergo repair or cell death 

(Suntharaling et al., 2009). Over the course of IR treatment both tumour and normal cells 
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may also increase their rate of proliferation. This effect is known as repopulation, and 

may represent a significant cause of treatment failure in cancer (Kim & Tannock, 2005). 

Redistribution of proliferating cell populations throughout the cell cycle also occurs in 

response to fractionated IR. In general some of the surviving cells will be blocked in the 

G2-phase, which is the most radiosensitive phase of cell cycle. Furthermore, a population 

of these cells may also redistribute into early G1-phase, which may also be sensitive to IR 

treatment, whereas S-phase cells are the most radiation resistant (Kim & Tannock, 2005). 

Overall, fractionation will tend to make a whole population of cells more sensitive to IR 

compared with a single dose of radiation. Finally, reoxygenation of hypoxic cells occurs 

during fractionated radiotherapy. Over a long period of time this enhanced oxygenation 

of cells will make tumours more radiosensitive to IR (Bristow & Hill, 1998). 

 Another framework for fractionation that has gained significant attention is 

hyperfractionation (Suntharaling et al., 2009). This is an approach that utilizes more than 

one fraction of IR per day with smaller doses per treatment (<1.8Gy). The benefits to this 

mode of fractionation are still being examined, but it is speculated to reduce the long-

term side effects and allow for delivery of an overall higher total dose of IR to the tumour 

(Suntharaling et al., 2009).  

Measuring Irradiated Cell Survival and Sensitivity 

The gold standard in measuring the radiosensitivity of a population of irradiated 

cells is to assess their ability to undergo multiple cell divisions (between 5-6 

replications), to produce a viable colony of >50 cells (Hall et al., 1988). This type of 

measurement of individual cell survival in vitro is known as the clonogenic survival. The 
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most common method used to illustrate clonogenic survival in response to a radiation 

dose-response is the linear quadratic model, which plots the survival of cells against the 

radiation dose on a logarithmic scale. This model is based on the premise that multiple 

lesions induced by IR interact within the cell to cause cell death (Tannock & Hill, 1998). 

Although the linear quadratic model is the most widely used model to measure cell 

survival following irradiation, it is not always reliable at low doses of IR (<3 Gy). Thus, 

for practical purposes many researchers measure the survival of cells following a dose of 

2Gy IR (Podgorsak, 2005). The survival fraction after 2Gy (SF2) is a variation of the 

linear quadratic survival curve that is useful because it mimics the majority of clinically 

relevant doses of IR given in radiotherapy. In general, the larger the SF2 value, the less 

sensitive the cell line is to IR (Tannock & Hill, 1998).  

Often cancer cells from various tumours can display intrinsic radiation resistance 

through the accumulation of genetic mutations (such as mutations in tumour suppressors 

like LKB1 or p53) and upregulation of pro-survival pathways (such as EGFR, Akt and 

mTOR). As stated above, the in vitro radiosensitivity of cancer cells can be measured 

using the conventional clonogenic survival assay. While this assay is convenient to use, 

in vitro measurements have certain restriction in predicting clinical outcomes for patients, 

including not accurately assessing the tumour microenvironment, accounting for tumour 

heterogeneity, and the radiosensitivity of stem cells in vivo (Bristow & Hill, 1998).  

In research, certain cancer cell lines have been characterized as having varying 

degrees of radiosensitivity. Table 1 indicates the extent of sensitivity for some of the most 

extensively used cancer cell lines of lung, breast, and prostate origin, as well as their 
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LKB1 and p53 status. In addition, many of these same cell lines have been utilized for the 

research conducted in this thesis, which will be encountered in later chapters.  

Table 1: The intrinsic radiation sensitivity of established lung, breast, and prostate cancer 

cell lines. 

Cell Line  LKB1 

Status 

p53 

Status 

Cancer  

Type 

Radiation 

Resistance 

References 

A549 - + Lung      High (Carmichael et al., 1989) 

(Sharma et al., 2009) 

NCI-H23 - + Lung  Low (Carmichael et al., 1989) 

NCI-H1299 + - Lung  Intermediate (Nagata et al., 2010) 

SK-MES-1 + - Lung  Intermediate (Sharma et al., 2009) 

MCF7 + + Breast  Intermediate (Toulany et al., 2011) 

MDA-MB-231 - + Breast  High (Chaachouay et al., 2011) 

(Toulany et al., 2011) 

SK-BR-3 + + Breast High (Toulany et al., 2011) 

PC-3 + - Prostate High (Rudner et al., 2010) 

(Skvortsova et al., 2008) 

DU-145 - + Prostate Intermediate (Rudner et al., 2010) 

LNCaP + + Prostate Low (Scott, Gumerlock, 

Beckett, Li, & Goldberg, 

2004) 
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Hypothesis and Objectives 

“AMP-activated protein kinase (AMPK) is a signalling molecule that regulates 

radiation responses in cancer cells. Ionizing radiation (IR) enhances AMPK activity 

and expression to modulate cell cycle and survival. In addition, agents that potentiate 

AMPK activity are synergistic with IR to decrease cancer cell survival.”  

Specific objectives:  

i) To investigate the role of AMPK responses to ionizing radiation in cancer 

cells. 

ii) To evaluate the ability of drugs that activate AMPK as radiation sensitizers in 

cancer cells. 

iii) To examine the impact of AMPK on cell signalling pathways that regulate (a) 

DNA repair, and (b) survival in response to IR.  

iv) To identify the role of SESN2 in (a) modulating AMPK expression and 

activity, as well as (b) regulate pathways that are stimulated by IR.  
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Each of these objectives is addressed in the subsequent chapters of my thesis, 

which are comprised of papers that address the key points of my hypothesis. To better 

understand the organization of the manuscripts that make up each of these chapters, the 

following is a list of the titles of each paper and a brief explanation of its content.  

• Chapter 2: Ionizing radiation activates AMP-activated kinase (AMPK): A target 

for radiosensitization of cancer cells.  

This paper identified that ionizing radiation (IR) increased AMPK activity in 

numerous epithelial cancer cell lines. Furthermore, the mechanism by which IR 

induces AMPK is dependent on ATM, but independent of LKB1. AMPK was also 

shown to be a central mediator of IR-induced cell cycle arrest. Finally, using 

metformin (an AMPK activator) or compound C (inhibitor), I implicated AMPK 

as an important target for the radiation sensitization in cancer cells.  

• Chapter 3: Lovastatin sensitizes lung cancer cells to ionizing radiation. 

Modulation of molecular pathways of radioresistance and tumour suppression. 

In this manuscript, the potential of lovastatin to sensitize lung cancer cells to IR 

was evaluated. Lovastatin inhibited the EGFR pro-survival pathway, blocked IR-

induced Akt and Erk signalling, and potentiated IR-induced AMPK activity. In 

addition, lovastatin induced apoptosis and sensitized lung cancer cells to the 

cytotoxic action of IR.  

• Chapter 4: Ionizing radiation regulates the expression of AMP-activated protein 

kinase (AMPK) in epithelial cancer cells. Modulation of cellular signals 

regulating cell cycle and survival.  
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This manuscript explored the regulation of AMPK subunit expression 24-48h 

following IR in cancer cells. In addition, the role of AMPK expression (using 

wildtype and AMPKα1/2 -/- MEFs) on signalling pathways that regulate cell 

cycle, DNA repair, and survival were also examined. I also suggested that AMPK 

is an important regulator of genomic stability. 

• Chapter 5: Sestrin2 modulates AMPK subunit expression and its response to 

ionizing radiation in breast cancer cells. 

This paper aimed to better understand the mechanism by which IR can modulate 

AMPK activity and survival. I evaluated the role of the stress-activated protein 

sestrin2, and its ability to regulate the expression and activity of AMPK in breast 

cancer cells. Furthermore, sestrin2 was found to be required for IR-induced 

AMPK expression and activation, as well as act as a radiation sensitizer that 

inhibited cancer cell survival through AMPK signalling.  
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Chapter 2: Ionizing Radiation Activates AMPK 

In this chapter, an author generated version is provided of the paper “Ionizing 

radiation activates AMP-activated kinase (AMPK): A target for radiosensitization of 

cancer cells”, published in the International Journal of Radiation Oncology Biology and 

Physics in September 2010. Permission was kindly given by Elsevier Limited (licence # 

2753680830643). Please see appendix 3 for an attached copyright license.  

 In this paper, I performed all of the cell culture, western blotting, 

immunofluorescence, cell cycle, and cell proliferation experiments for the lung cancer 

cell lines. I generated all of the figures and wrote the paper in collaboration with Dr. 

Theodoros Tsakiridis, and also received critical feedback from the other listed authors. 

Supporting cell culture and western blotting for prostate and breast cancer cells were 

carried out by a Master’s student, Ayesha Rashid, and a lab technician Caiqiong Liu. 

These supporting data were incorporated into the manuscript to demonstrate that 

activation of AMPK by ionizing radiation is a universal effect among different cancer cell 

types.  

Context and Background Information 

AMPK is activated by numerous stress stimuli including hypoxia, heat shock, and 

starvation in order to regulate cellular energy levels, induce cell cycle arrest, and 

modulate cell survival (Hardie, 2008). However, very little is known about the effect of 

ionizing radiation on the regulation of the AMPK signalling pathway in cancer cells. 

When I began my Ph.D studies at McMaster University (September 2008), initial 

observations from Dr. Tsakiridis laboratory demonstrated that ionizing radiation (IR) 
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rapidly phosphorylated and activated AMPK in lung cancer cells. This observation led 

me to address the mechanism by which IR activates AMPK, as well as the potential for 

AMPK activators to act as radiation sensitizer in cancer cells in vitro. The latter objective 

has great clinical relevance as many tumours of lung, prostate, or breast origin display 

radiation-resistance and poor survival outcome in advanced stages of the disease.  

I first sought to understand the temporal and dose-dependent relationship of IR on 

AMPK activation in lung cancer cells, and where this activation occurs. To address this, 

A549 and SK-MES lung cancer cells were grown in culture and treated with a single dose 

of 2-8Gy IR using a colbalt (
60

Co) clinical radiation unit. I then used western blotting to 

measure the levels of phosphorylated AMPKα on Thr172 on lung cancer cells treated 

with different time-points or doses of IR. AMPK appeared to be rapidly phosphorylated 

within 15min following 8Gy IR treatment, with sustained activity for up to 24h. In 

addition, I observed a dose-dependent increase in AMPK phosphorylation in response to 

2-8Gy IR, with no changes in the total protein levels of AMPKα. Moreover, 

immunofluorescence microscopy was performed using the phosphorylated AMPK 

antibody to determine the subcellular distribution of activated AMPK in response to IR. I 

observed that AMPK is rapidly phosphorylated in the nucleus (15min) in response to 8Gy 

IR, and later (1h) translocates into the cytoplasm of A549 lung cancer cells. An antibody 

against phosphorylated histone H2Ax (γH2Ax) (a marker of DNA damage) was also used 

to demonstrate that IR indeed caused DNA-double stranded breaks, but there was little 

evidence of co-localization for phosphorylated AMPKα and γH2Ax.  
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Once I established that IR activates AMPK in lung cancer cells, I addressed the 

molecular mechanism by which this event occurs. An appealing explanation is that IR 

modulates the activity of LKB1, the major upstream kinase of AMPK, which in turn 

enhances AMPK phosphorylation. However, lung cancer cells that are LKB1-null (A549 

and NCI-H23) still demonstrated increased AMPK activity following IR treatment, 

suggesting that this is an LKB1-independent phenomenon. Another kinase that has been 

proposed to regulate both LKB1 and AMPK is ataxia-telangiectasia mutated (ATM), a 

vital sensor of DNA damage and facilitator of DNA repair machinery and cell cycle 

checkpoints (Alexander & Walker, 2010; Jones et al., 2005). To address to role of ATM 

in mediating IR-induced AMPK activity I measured the phosphorylation levels of ATM 

and AMPK by western blotting in radiated A549 cells there we pre-treated in the absence 

or presence of KU55933, a specific chemical inhibitor of ATM. Treatment with 

KU55933 abolished the effect of IR to induce ATM and AMPK phosphorylation, as well 

as downstream p53 and p21 expression, indicating that ATM is a required effector for IR-

induced AMPK induction.  

Although AMPK is known to facilitate p53-dependent G1/S cell cycle checkpoint 

under metabolic stress (Jones et al., 2005), its ability to modulate cell cycle arrest in 

response to IR-induced DNA damage is still being elucidated. To examine the importance 

of AMPK in regulating IR-induced cell cycle arrest I used chemical (compound C) and 

molecular (siRNA against AMPKα) inhibition of AMPK activity in A549 cells treated 

with IR. Compound C is a widely used, cell-permeable, competitive inhibitor of ATP 

binding to the catalytic AMPKα subunit that provides inhibition of AMPK at micromolar 
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concentrations (IC50 = 0.04µM) (Machrouhi et al., 2010). However, compound C has also 

been implicated in inhibiting other potential protein kinases at lower IC50 values than 

AMPK, suggesting that it may have some “off target” effects (Bain et al., 2007). A549 

and H1299 cells that were treated with compound C 1h prior to 8Gy IR exhibited blocked 

AMPK phosphorylation, as well as downstream inhibition of IR-induced p53 (in A549 

cells that are 53 positive) and p21.  

To recapitulate the finding of chemical inhibition with compound C, I also used 

small interference siRNA (siRNA) against the α1 and α2 subunits of AMPK to 

selectively block its expression, and subsequent activity. The specific siRNA sequences 

for mammalian AMPKα1 and AMPKα2 were obtained through the Qiagen Gene Globe 

database, and cells were transfected with these siRNA per the manufactures protocol 

found in Appendix 1. Similar to compound C, siRNA against AMPKα1/2 completely 

abolished AMPK activity and downstream p53 and p21 signalling, indicating that AMPK 

plays an important role in mediating the effects of IR on cell cycle checkpoint regulation.  

To see if these changes in AMPK/p21 protein levels corresponded with function 

changes in the cell cycle, I performed cell cycle analysis in H1299 cells that were treated 

with IR alone, or in combination with knockdown of AMPKα1/2.  Cells that were treated 

with 8Gy IR were fixed and analyzed 24h later using propidium iodide staining and cell 

cycle analysis software from a flow cytometer (appendix 1). IR alone induced G2/M cell 

cycle arrest, which is a well documented effect of radiation (Rudoltz et al., 1996). 

However, in cells that were pre-treated with AMPKα siRNA the IR-induced G2/M arrest 



Ph.D. Thesis – Toran Sanli – McMaster University – Medical Sciences 

 

59 

 

was attenuated, indicating that AMPK plays a functional role in instigating cell cycle 

checkpoint regulation in response to IR.  

Ultimately, the ability of AMPK to regulate IR-induced cell cycle arrest would 

also likely have effects on cancer cell survival. To examine if modulation of AMPK 

activity would alter cell viability, I performed clonogenic survival assays in A549 and 

H1299 cells that were treated with the AMPK inhibitor compound C or the AMPK 

activator metformin alone, or in combination 2Gy IR. The survival fraction after 2Gy 

(SF2) is a dose commonly used in clinical radiotherapy (Carmichael et al., 1989), and 

was the reason I chose to utilize this amount in combination with compound C or 

metformin to measure clonogenic survival. Compound C alone did not significantly 

affect cell survival, but it did contribute to radiation resistance. On the other hand, 

metformin alone activated AMPK and significantly decreased cell survival. Furthermore, 

metformin combined with 2Gy IR further potentiated AMPK phosphorylation and 

sensitized both A549 and H1299 cells to the cytotoxic effect of IR.  

Based on these findings, I generated a model on the molecular pathways that 

converge on AMPK to regulate radiation responses in cancer cells. In response to IR, 

ATM is rapidly phosphorylated, which in turn activates AMPK to regulate cell cycle and 

survival through induction of p21. In addition, pharmaceutical inhibition (compound C) 

or activation (metformin) of AMPK can alter radiation sensitivity, whereby blockade of 

AMPK promotes radiation-resistance, or activation enhances radio-sensitization. Thus, 

drugs that activate AMPK may be an attractive adjuvant with combined radiotherapy.  

 



Ph.D. Thesis – Toran Sanli – McMaster University – Medical Sciences 

 

60 

 

Paper: Ionizing Radiation Activates AMP-Activated Kinase (AMPK): A Target for 

Radiosensitization of Human Cancer Cells. 

Toran Sanli
*
 M.Sc., Ayesha Rashid

*
 B.Sc., Caiqiong Liu

*
M.Sc., Shane Harding

†
 

B.Sc., Robert G. Bristow
†,‡

 M.D., Ph.D., Jean-Claude Cutz
§
 M.D., Gurmit Singh

§
, 

Ph.D., James Wright
*
 M.D.

 
and Theodoros Tsakiridis

*
 M.D.,  Ph.D. 

  

Departments of 
*
Oncology and 

§
Pathology and Molecular Medicine, Juravinski Cancer 

Center and McMaster University, Hamilton and Departments of 
†
Medical Biophysics

 
and 

‡
Radiation Oncology, University of Toronto, Toronto, Ontario, Canada 

Running Title: Ionizing radiation activates AMPK in cancer cells. 

 

Address Correspondence to: Theodoros Tsakiridis, M.D., Ph.D., Department of 

Oncology, McMaster University and Juravinski Cancer Center, 699 Concession Street, 

Hamilton, Ontario, Canada L8V 5C2; Tel.: 905-387-9495x64704, Fax: (905) 575-6362,   

    Email: theos.tsakiridis@jcc.hhsc.ca  

 

Conflicts of Interest Notification:  There are no conflicts of interest to be report. 

 

  



Ph.D. Thesis – Toran Sanli – McMaster University – Medical Sciences 

 

61 

 

Abstract  

Purpose: Adenosine monophosphate (AMP)-activated kinase (AMPK) is a molecular 

energy sensor regulated by the tumor suppressor LKB1. Starvation and growth factors 

activate AMPK through the DNA damage sensor Ataxia Telengiectasia Mutated (ATM). 

We explored the regulation of AMPK by ionizing radiation (IR) and its role as target for 

radiosensitization of human cancer cells. 

Methods and Materials: Lung, prostate and breast cancer cells where treated with IR (2-

8 Gy) after incubation with either ATM or AMPK inhibitors or the AMPK activator 

metformin. Then, cells were subjected to lysis and immunoblotting, immunofluorescence 

microscopy, clonogenic survival assays, or cell cycle analysis. 

Results: IR induced a robust phosphorylation and activation of AMPK in all tumour 

cells, independent of LKB1. IR activated AMPK first in the nucleus and this extended 

later into cytoplasm. The ATM inhibitor KU55933 blocked IR-activation of AMPK. 

AMPK inhibition with Compound C (CC) or anti-AMPK α-subunit siRNA blocked IR-

induction of the cell cycle regulators p53 and p21
waf/cip 

as well as the IR-induced G2/M 

arrest. Compound C caused resistance to IR, increasing the surviving fraction after 2Gy, 

but the anti-diabetic drug metformin enhanced IR-activation of AMPK and lowered the 

survival fraction after 2 Gy further.  

Conclusions: We provide evidence that IR activates AMPK in human cancer cells in an 

LKB1-independent manner leading to induction of p21
waf/cip

 and regulation of the cell 

cycle and survival. AMPK appears to (1) participate in an ATM-AMPK-p21
waf/cip
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pathway, (2) be involved in regulation of the IR-induced G2/M checkpoint and (3) may 

be targeted by metformin to enhance IR responses.   

Key Words: Ionizing radiation, AMPK, ATM, cell cycle, p21
waf/cip

 

Introduction: 

Radiotherapy is one of the main therapeutic modality in cancers of lung, prostate and 

breast origin. Therefore, it is important to elucidate the molecular responses to ionizing 

radiation (IR) in cells from these tumours. In response to IR-induced DNA damage, the 

kinase Ataxia Telengiectasia Mutated (ATM) becomes auto-phosphorylated and 

phosphorylates histones such as H2Ax (γH2Ax), leading to recruitment of DNA repair 

complexes at Double Strand Break (DSB) sites (1). ATM regulates cell cycle through 

induction of the tumour suppressor p53 and expression of cyclin-dependent kinase (CDK) 

inhibitors such as p21
waf/cip 

(2). 

The energy sensor adenosine monophosphate (AMP)-activated kinase (AMPK) is a 

heterotrimeric enzyme composed of one catalytic α subunit and two regulatory subunits, 

one β and one γ. AMPK is an effector of LKB1, a tumour suppressor mutated in the 

Peutz-Jeghers syndrome characterized by increased susceptibility to lung, pancreas and 

breast tumors. AMPK is activated through binding of AMP to its regulatory γ subunit and 

by α subunit phosphorylation on Thr172 by kinases such as LKB1(3).  

AMPK enhances cellular energy levels by stimulation of glucose uptake, glycolysis and 

fatty acid uptake, and by inhibition of fatty acid and cholesterol synthesis (4). The latter 

are mediated by inhibition of fatty acid and cholesterol synthesis enzymes, acetyl-CoA 

carboxylase (ACC) and 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase, 
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respectively (4).  

Hypoxia and starvation increase AMP levels in cells, regulate the cell cycle, and activate 

AMPK (5). AMPK regulates p53 through phosphorylation on Ser15. This induces a 

metabolic check point through an AMPK–p53 axis (6). Biochemical activators of AMPK 

are being studied. A non-phosphorylated adenosine analogue, 5-aminoimidazole-4-

carboxamide-1-β-D-riboside (AICAR), enters cells and becomes converted to a 

monophosphorylated analogue ZMP. This mimicks AMP and can bind the regulator γ 

subunit and activate AMPK (7). Furthermore, AMPK is activated by anti-diabetic agents 

such as thiazolidinediones and the biguanide metformin (7). Metformin is shown to 

regulate AMPK in-vitro and in-vivo (7). Retrospective analyses suggest that metformin 

may improve chemotherapy responses in breast cancer (8).  To date, there are no reports 

combining metformin with radiotherapy to enhance radiation responses. This would be an 

attractive approach in treating cancers of the lung and prostate, where even high doses of 

radiotherapy show limited efficacy (9, 10).  

Sapkota et al. (2002) (11) showed IR- and ATM-induced LKB1 phosphorylation but 

AMPK was not investigated in that study. Studies show that p53-null cells fail to arrest in 

response to AMPK stimulation by AICAR or glucose deprivation (6), indicating an 

association between AMPK and p53 and the cell cycle. 

We hypothesized that, in response to IR, AMPK may link ATM with regulation of the 

cell cycle and survival. Therefore, we examined the regulation of AMPK by IR, its 

signalling pathway and cellular effects in human cancer cells. In addition, we began to 

explore the physiological effects of combining metformin with IR in lung cancer cells.  
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Materials and Methods: 

Cells: Human lung cancer (A549, NCI-H23 and SK-MES-1), prostate cancer (PC3, 

22RV1, LNCap) and breast cancer (MCF-7) cells were from American Tissue Culture 

Collection (Manassas, VA). The H1299 cells were a kind gift from Dr. Simon Powell 

(Washington University, MO). Cells were maintained at 37
o
C with RPMI media 

supplemented with 10% Fetal Bovine Serum (Invitrogen, Burlington, ON). Antibodies: 

Rabbit polyclonals against AMPK, phospho-(Thr
172

)-AMPK, phospho-(Ser
79

)-ACC, 

phospho-(Ser
1981

)–ATM, LKB-1, phospho-(Ser
139

)-H2Ax (γH2Ax), and mouse 

monoclonals against p53, p21
waf/cip

, and actin were from Cell Signaling Technology 

(Mississauga, ON). Alexa Fluor-488 and Alexa Fluor-568 antibodies were from 

Molecular Probes (Burlington, ON). The anti-α1 and α2 AMPK siRNA transfection kit 

was obtained from Quiagen (Missisauga, ON). Agents: Metformin, compound C (CC) 

and KU55933 were from Calbiochem (Mississauga, ON). 

Treatments: Cells were exposed to 2 to8 Gy ionizing radiation (IR) using a Co
60

 clinical 

radiation unit. Pre-incubation with drugs was for 1h before IR followed by incubation for 

1h unless otherwise indicated. For cell cycle and clonogenic assays agents remained with 

cells throughout the experiment. 

Immunoblotting: Cells were washed, lysed, denatured with Laemmli-SDS-sample buffer, 

and boiled. Fifteen µg of protein were separated by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE), transferred to polyvinylidene fluoride 

(PVDF) membrane and incubated with primary and horseradish peroxidase (HRP)-

conjugated secondary antibodies, as described earlier (12). 
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Densitometry of immunoblots was performed using Image J software (McMaster 

University Biophotonics Lab, Hamilton, ON). Densitometry values are expressed as 

percent of control. Mean±SE values of at least 3 independent experiments are shown.     

 Microscopy: Cells grown on glass cover-slips were radiated, rinsed, fixed using 3% 

paraformaldehyde, and blocked in 5% fetal bovine in serum/phosphate-buffered 

saline/0.3%-Triton-X-100. Immunolabeling was performed with anti-γH2Ax-monoclonal 

followed by anti-mouse-Alexa-568-labelled IgG, and anti-adenosine monophosphate-

activated kinase phosphorylation (P-AMPK) polyclonal followed by anti-rabbit-Alexa-

488-labelled IgG, as described (13). Cells were stained with Hoechst-33258. Imaging was 

performed using widefield and confocal microscopy with a Zeiss LSM510 (Toronto, ON) 

confocal microscope.   

siRNA transfections: Cells were incubated with Hyperfect (Qiagen, Mississauga, ON) 

without or with siRNA against both AMPKα1 and AMPKα2 (anti-AMPK-α-siRNA) and 

were incubated for 72h, as per manufacturer’s protocol.  

Cell Cycle Analysis. Twenty four hours after seeding cells were pre-treated with CC 

(1µM) for 1h followed by IR (8Gy). After 24h, cells were fixed with ethanol and 

incubated with propidium iodide. Cell cycle analysis was performed using flow 

cytometry with a FACScan flow cytometer (BD Biosciences, San Jose, CA). 

Clonogenic Assays. Five hundred cells were seeded in triplicates for each experiment. 

After 24h cells were treated with CC (1µM) or Metformin (5µM) followed by IR and an 

additional 7 day incubation. Then, cells were fixed and stained with mythelene blue and 

colonies containing >50 cells were counted.  
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Statistical Analysis. The unpaired T-test was performed to analyze the results using SPSS 

software (SPSS, Chicago, IL). Results are presented as mean ± SE. Statistical 

significance was determined at P<0.05(*). 

Results: 

IR activates AMPK in carcinoma cells. We examined first the effects of IR on AMPK 

phosphorylation and detected a robust IR-induced time- and dose-dependent 

phosphorylation of the AMPK α subunit at Thr172 without affecting total levels of the 

protein (Fig. 1A-B). Only the top one of the two bands recognized by the anti-Total-

AMPK antibody in Figure 1A (and subsequent figures) is indeed AMPK. This is 

illustrated in Figure 3D where knock down of both α1 and α2 AMPK subunits eliminates 

only the top band. Increasing doses of IR 0–8Gy caused enhanced AMPK 

phosphorylation in both SK-MES and A549 cells (Fig. 1B). AMPK phosphorylation (P-

AMPK) reached peak levels at 1h after IR (Fig. 1A) and decreased over time, but 

remained activated up to 24h later. AMPK phosphorylation was consistent with 

activation of the enzyme demonstrated by ACC phosphorylation (Fig. 1C). To explore 

whether IR-activation of AMPK is ubiquitous phenomenon, we examined also other 

human epithelial cancer lines of lung (A549, SK-MES, H23 and H1299), prostate (PC3, 

LNCap, 22RV1) and breast (MCF7) origin. We detected similar activation by IR in all 

cells (Fig. 1D). We focused all subsequent experiments in lung cancer cells.  

Subcellular distribution of activated AMPK. With microscopy P-AMPK was examined in 

combination with DNA staining and phosphorylated histone H2Ax (γH2Ax) in A549 

cells. We found that γH2Ax was almost undetectable in the untreated nuclei but IR 
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caused a robust increase of γH2Ax signal in all cells. Untreated cells had low levels of 

mainly nuclear P-AMPK (Fig. 2). In parallel with γH2Ax, we detected intense punctuate 

staining of P-AMPK in the nucleus, within 15 minutes after IR. Only minor enhancement 

of cytoplasmic staining was detected at that time (see arrows). By 1 h, IR increased 

significantly the nuclear and particularly the cytoplasmic P-AMPK. In the nucleus P-

AMPK did not appear to co-localize with γH2Ax and DNA DSBs. However, we detected 

consistently a temporal relationship between γH2Ax and P-AMPK levels. The specificity 

of anti-P AMPK antibody is shown in Fig. E1.  

Role of LKB1 in IR-activation of AMPK. We compared the IR-induced phosphorylation 

of ATM and AMPK amongst LKB1-wild type (SK-MES and H1299) and LKB1-null 

(A549 and H23) (14) cells. IR activated AMPK and ATM in all cells independent of 

LKB1 expression (Fig. 3A).  

Involvement of ATM in IR-induced AMPK activation. In LKB1-null A549 cells IR 

activated ATM and AMPK (Fig. 3B) and induced expression of p53 and p21
waf/cip

. To 

examine whether ATM is involved in AMPK activation by IR we used the specific ATM 

inhibitor KU-55933 (15). KU-55933 abolished IR-activation of ATM but also of AMPK 

and induction of p53 and p21
waf/cip 

(Fig.
 
3B).   

AMPK regulates IR-induction of p53 and p21
waf/cip

. To examine the role of AMPK in IR-

induction of p53 and p21
waf/cip

,
 
we utilized biochemical and molecular inhibition of 

AMPK. In A549 cells inhibition of AMPK with compound C (CC) (25µM) abolished IR-

activation of AMPK. CC inhibited the activity of AMPK, shown by inhibition of ACC 

phosphorylation (Fig. 3C), as well as the phosphorylation of the enzyme. Importantly, 
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AMPK inhibition with CC abolished IR-induction of p53 and p21
waf/cip

. CC and IR 

effects were similar in A549 and H1299 cells (Fig. 3C). Interestingly, IR induced 

p21
waf/cip 

not only in p53-wild type A549 cells but also in p53-null H1299 cells. Inhibition 

of AMPK expression with anti-AMPK-α-siRNA inhibited IR-induction of p53 and 

p21
waf/cip

,
 
similar to CC

 
(Fig. 3D-E).  

AMPK modifies the IR-induced G2/M checkpoint. In H1299 cells IR induced a 2-fold 

increase (from 14.7% ± 2.1% to 30.7% ± 0.5%) in the cells accumulated at the G2/M 

phase of the cycle (Fig. 4A). Pre-treatment with CC (1µM) and abolished the IR-

mediated G2/M checkpoint in H1299 cells reducing the cell population in G2/M phase 

back to control levels (of 15.0 + 2.8%) (Fig. 4A, non-transfected cells). Similar results 

were obtained in radiated A549 cells pre-treated with CC and those that were not 

pretreated (Fig. E2). For all experiments involving long term incubations we used 1µM of 

CC. Figure 4B shows that 1µM of CC was also able to inhibit IR-induced activation of 

AMPK and induction of p53 and p21
waf/cip

, in A549, or induction of p21
waf/cip 

alone
 
in 

H1299 cells, showing once again IR induction of p21
waf/cip

 in the absence of p53. 

AMPK knock down with anti-AMPK α subunit siRNA produced results similar to CC in 

H1299 cells. In vehicle alone treated cells IR increased the proportion of cells in G2/M 

from 13.6 + 2.16% to 28.0 + 4.7%, but AMPK knock down reduced this population back 

to 11.3 + 3.2% (Fig 4A, transfected cells).  

AMPK activation, clonogenic survival and proliferation. We investigated the effects of 

IR, CC and metformin on A549 and H1299 cell clonogenic survival. The surviving 

fraction of cells after 2 Gy (SF2) was 45 + 5.0% and 40 + 1.2% (in A549 and H1299 
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cells, respectively) (Fig. 4D). CC alone (1µM) showed a trend to enhance but did not 

affect significantly basal clonogenic survival, but caused resistance to IR by increasing 

SF2 to 66 + 9.8% and 67 + 2.9% in A549 and H1299 cells, respectively (Fig. 4D). 

Similar observations were made in PC3 prostate cancer cells (Fig. E3).  

Metformin alone (1-5µM) induced a dose-dependent activation of AMPK (Fig. 4C) and 

at 5µM reduced basal survival to 65 + 4.53% and 74 + 1.21% of control (35% and 26% 

inhibition in A549 and H1299 cells, respectively). However, it also enhanced 

significantly the IR-activation of AMPK (Fig. 4C) and reduced SF2 further to 28 + 2.1% 

and 27 + 1.15% of control (40% inhibition on SF2 in both cell lines, Fig. 4D), offering at 

least an additive effect to that of IR. Similar results were obtained in PC3 prostate cancer 

cells (Fig. E3).  

Discussion: 

AMPK is recognized as a mediator of tumour suppressor pathways. We, i) explored the 

regulation of AMPK by IR in human epithelial cancer cells, ii) began analyzing upstream 

regulators of AMPK activation and downstream effectors and iii) showed evidence of 

involvement of this enzyme in the IR-induced checkpoint control and clonogenic 

survival. Furthermore, using the biguanide metformin we have shown that AMPK may be 

targeted pharmacologically to enhance the IR responses. 

IR activation of AMPK.  

The regulation of AMPK by therapeutic doses of IR was not examined earlier in cancer 

cells. Zhang et al. (2008) (16) suggested that UVB inhibits AMPK activity in human 

keratinocytes, by downregulation of LKB1, while Cao (2009) et al. (17) suggested that 
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UV-A/-B radiation activates AMPK, in the same cells, through the EGF receptor and 

LKB1. These results are contradictory and suggest a need for further studies on the 

regulation of AMPK by UV irradiation.  

Our results in lung, prostate and breast cancer cells (Fig. 1 and 3) suggest that activation 

of AMPK may be a universal effect of IR in human carcinomas. This appears to involve 

initial nuclear phosphorylation and activation of the enzyme and subsequent translocation 

into the cytoplasm without a significant alteration of its total cellular levels (Fig. 1). We 

observed rapid phosphorylation of nuclear AMPK in response to IR, in parallel with 

induction of the DSB marker γH2Ax (Fig. 2) but no convincing co-localization of the two 

markers, even at the early times after IR. In addition, we have not observed a 

modification of the subcellular distribution of total AMPK levels in response to IR (Fig 

E4). Delayed detection of P-AMPK in the cytoplasm (15min to 1h) suggests that the 

activated enzyme may translocate from the nucleus into the cytoplasm. Such shuttling of 

AMPK between nucleus and cytoplasm is suggested to be facilitated by the nuclear 

exporter Crm1 (18). 

Mediators of AMPK activation by IR. IR-activation of AMPK in both LKB1-wild type 

(H1299) and LKB1-null (A549) cells indicated that LKB1 is not required for activation 

of AMPK by IR. The concurrent phosphorylation of AMPK and H2Ax after IR suggested 

a relationship between AMPK activation and ATM. We addressed the role of ATM using 

the ATM inhibitor KU-55933. The well established specificity of KU-55933 for ATM, 

which is based on a morpholine moiety on this molecule (15), suggests that ATM may 

indeed be an upstream regulator of AMPK activity. ATM may interact directly with 
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AMPK. ATM was shown to phosphorylate purified AMPK α subunit in-vitro (19). 

Consistent with other studies showing ATM-dependent activation of AMPK by Insulin-

like Growth Factor-I (IGF-I) (19) or AICAR (20), our results suggest that IR activates 

AMPK through an LKB1-independent and ATM-dependent pathway. We illustrate this 

notion in a model in Fig. 5.  

Downstream effectors of AMPK. Studies have suggested that AMPK regulates cell cycle 

and apoptosis through induction of the tumour suppressor of p53 and the CDK inhibitor 

p21
waf/cip 

(7). We observed that IR rapidly increases the levels p53 and p21
waf/cip 

in lung 

cancer cells (Fig. 3C). The dependence of p53 and p21
waf/cip 

induction on AMPK was 

demonstrated by use of both inhibition of AMPK with CC and molecular knockdown 

with anti-AMPK-α-siRNA (Fig. 3C-E). Inhibition of AMPK phosphorylation by CC has 

been observed by other investigators (21). CC may inhibit potential upstream AMPK-

kinases, because it is known to have activity on other kinases (22). Nevertheless, in our 

experiments CC produced effects equivalent to AMPK-α-subunit knockdown, suggesting 

that CC remains a useful tool for analysis of AMPK action. In support of this notion, CC 

did not inhibit IR-induced ATM and Chk2 phosphorylation in A549 cells (Fig. E5). 

Our results suggest that AMPK regulates IR induction of p53 and p21
waf/cip 

(Fig. 3C-E). 

They are consistent with results of other investigators. Zhou et al. (2009) showed that 

AMPK inhibition blocks p53 and p21
waf/cip 

expression
 
and cell cycle progression (23) in 

prostate cancer cells. Future studies should clarify whether the IR induction of p53 and 

p21
waf/cip 

expression is due to transcriptional regulation or protein stabilization.  
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p53 transactivates the promoter of CDKN1A, the gene encoding p21
waf/cip

.
 
However, this 

promoter is also regulated by other mediators and transcription factors independent of 

p53 (24). We observed a p53-independent induction of p21
waf/cip 

by IR as it increased 

p21
waf/cip 

levels in p53-null H1299 cells (Figs 3C and 4B). We obtained identical results 

in p53-null PC3 prostate cancer cells (data not shown). This notion has been described 

earlier (25, 26) and it is depicted in our model (Fig. 5).  

Effects on cell cycle. 

G2/M inter-phase arrest is a well described IR-induced checkpoint (27). p21
waf/cip

 inhibits 

the cdc2/Cyclin B complex regulating the G2/M transition (28). We expected that AMPK 

and p21
waf/cip 

inhibition would abolish IR-induced arrest of cell cycle at G2/M. Indeed, we 

observed that (Fig. 4A) after either biochemical (CC) or molecular (anti-AMPK-α-

siRNA) inhibition of AMPK (Fig. 4A and Fig. E2). Cells show increased 

radiosensitization at the G2/M phase of the cycle (27), and modification of the G2/M 

checkpoint by AMPK illustrates its importance in radiation biology. Interestingly, the 

phosphorylated AMPK α-subunit appears to associate with the mitotic apparatus in 

dividing cells (29). These findings are congruent with a role of AMPK in G2/M 

checkpoint suggested by our work. 

Effects on clonogenic survival and proliferation.  

AMPK and IR regulation of clonogenic survival: A key observation in this study is the 

involvement of AMPK in IR-induced cytotoxicity. Inhibition of AMPK mediated 

resistance of lung cancer cells to IR independent of p53 status (Fig. 4D). We made 

similar observations in p53-null prostate cancer cells (Fig. E3). Jones et al. (2005) (6), 
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suggested that AMPK mediates p53-dependent G1/S phase arrest and inhibition of 

proliferation in glucose-deprived mouse embryonic fibroblasts (MEFs). In this report we 

suggest that in human cancer cells, AMPK facilitates an IR-mediated, p53-independent, 

G2/M checkpoint and inhibition of survival (as shown by the model in Fig. 5). AMPK 

may be able to engage different signaling pathways to regulate cell cycle and 

proliferation in different cells. 

Metformin activates AMPK and modifies IR responses: Metformin is an inhibitor of 

complex I of the mitochondrial respiratory chain that is believed to activate AMPK 

through an increase in the AMP:ATP ratio (4). We observed that micromolar doses (1-

5µM) of metformin alone stimulated AMPK phosphorylation, inhibited clonogenic 

survival, and enhanced the effects of IR on the two processes (Fig. 4C-D). Our on-going 

studies show complete reversal of these effects of metformin by CC (not shown) 

indicating that AMPK may indeed be the mediator of metformin action.  

Earlier studies reported requirement of millimolar (mM) doses of metformin to detect an 

anti-proliferative action of the drug in standard proliferation assays (30). For that, we 

performed recently standard proliferation experiments in A549 and H1299 cells using 

increasing doses of metformin. In those experiments we observed a need for higher doses 

of metformin (2.5-5mM), to obtain significant inhibition on cell proliferation both as a 

single agent and in combination with IR (Fig. E6). We hypothesize that this discrepancy 

reflects differences in physiological processes participating in clonogenic survival vs. 

standard proliferation assays. The presence of a higher number of cells in proliferation 

assays may have a trophic effect on cancer cells that is adequate to counteract the 
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inhibition of growth that can be exerted by micromolar doses of metformin. We are 

examining this further in on-going studies. Metformin may be able to function as an 

adjunct to radiotherapy in the clinical setting but in-vivo studies should first show its 

efficacy as a radiation sensitizer in in-vivo cancer models and clinical studies should 

establish the maximum tolerated dose of the drug in cancer patients. Overall, our results 

encourage further investigation of metformin in combination with radiation in carcinoma 

models.  

Conclusions: 

In human cancer cells, IR activates AMPK in an LKB1-independent manner to, (1) 

enhance the cellular levels of p53 and the CDK inhibitor p21
waf/cip

, (2) regulate 

progression of cells through the G2/M phase of the cell cycle, and (3) inhibit clonogenic 

survival. Our work suggests that AMPK participates in a signaling axis involving ATM 

and the CDK inhibitor p21
waf/cip 

(see model in Fig. 5). We also show that the anti-diabetic 

drug metformin can potentiate the IR activation of AMPK and enhance the cytotoxic 

effects of IR in cancer cells. AMPK appears to participate in a signaling pathway 

activated by IR that may be targetable by metformin to further enhance IR responses in 

human carcinomas. 
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Compound C: CC; SF2: fraction of cells surviving after 2 Gy or radiation; FBS: Fetal 

Bovine Serum; (P-): phosphorylated; 
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Figures: 

Figure 2.1: IR activates AMPK in human carcinoma cells.

cancer cells were treated with the indicated dose of IR and subjected to lysis and 

immunoblotting at indicated times. (A) Time

phosphorylation (P-AMPK) after 8Gy of IR. (B) Dose

phosphorylation by IR. A representative immunoblot is shown. The bar graph shows 

densitometry results from three independent experiments (*:P<0.05). (C) IR activates 

AMPK. Untreated or 8 Gy IR

with an anti-P-ACC  antibody (P
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IR activates AMPK in human carcinoma cells. Lung, prostate and breast 

cancer cells were treated with the indicated dose of IR and subjected to lysis and 

immunoblotting at indicated times. (A) Time-course of AMPK (T

AMPK) after 8Gy of IR. (B) Dose-dependence of AMPK 

ylation by IR. A representative immunoblot is shown. The bar graph shows 

densitometry results from three independent experiments (*:P<0.05). (C) IR activates 

AMPK. Untreated or 8 Gy IR-treated cells were subjected to lysis and immunoblotting 

ACC  antibody (P-ACC). Anti-actin immunoblotting was used as a loading 

 

 

Lung, prostate and breast 

cancer cells were treated with the indicated dose of IR and subjected to lysis and 

course of AMPK (T-AMPK) 

dependence of AMPK 

ylation by IR. A representative immunoblot is shown. The bar graph shows 

densitometry results from three independent experiments (*:P<0.05). (C) IR activates 

treated cells were subjected to lysis and immunoblotting 

actin immunoblotting was used as a loading 
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control. (D) IR activates AMPK in multiple carcinoma cells. Cells were treated with 0 or 

8 Gy IR, lysed and subjected to immunoblotting. Representative blots from at least 3 

experiments for each condition are shown.  
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Figure 2.2: Subcellular distribution of phosphorylated AMPKα (P

were treated with 8 Gy of IR, fixed, and permeabilized after the indicated times (15min or 

1h). Cells were labeled with anti

33258 DNA stain, and examined by microscopy (60x magnification). The arrows indicate 

extra-nuclear P-AMPK signal. Representative results of 3 experiments are shown

 

Toran Sanli – McMaster University – Medical Sciences 

82 

Subcellular distribution of phosphorylated AMPKα (P-AMPK).

were treated with 8 Gy of IR, fixed, and permeabilized after the indicated times (15min or 

1h). Cells were labeled with anti-γH2Ax and -P-AMPK antibodies, stained with Hoechst 

33258 DNA stain, and examined by microscopy (60x magnification). The arrows indicate 

AMPK signal. Representative results of 3 experiments are shown

 

 

 

AMPK). A549 cells 

were treated with 8 Gy of IR, fixed, and permeabilized after the indicated times (15min or 

AMPK antibodies, stained with Hoechst 

33258 DNA stain, and examined by microscopy (60x magnification). The arrows indicate 

AMPK signal. Representative results of 3 experiments are shown. 
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Figure 2.3: Upstream regulators and downstream

independent activation of AMPK. (B) AMPK activation is dependent on ATM.  Lung 

cancer (A549, SK-MES1, NCI

radiation after pre-treatment with or without the ATM inhibitor 

were lysed and subjected to immunoblotting with indicated antibodies. Representative 

immunoblots of 4 experiments are shown.  (C) AMPK inhibition by Comp. C (CC) 

blocks IR-induced phosphorylation of ACC and expression of p53 and p21

A549 and H1299 cells were pre

immunoblotting. (D) anti-
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Upstream regulators and downstream effectors of AMPK.

independent activation of AMPK. (B) AMPK activation is dependent on ATM.  Lung 

MES1, NCI-H23 and NCI-H1299) cells were treated with 0 or 8 Gy of 

treatment with or without the ATM inhibitor KU55933 (10

were lysed and subjected to immunoblotting with indicated antibodies. Representative 

immunoblots of 4 experiments are shown.  (C) AMPK inhibition by Comp. C (CC) 

induced phosphorylation of ACC and expression of p53 and p21

A549 and H1299 cells were pre-treated with Comp. C (25 µM) before IR, followed by 

-AMPK-α-siRNA inhibits AMPK expression and activation and 

 

 

effectors of AMPK. (A) LKB-1-

independent activation of AMPK. (B) AMPK activation is dependent on ATM.  Lung 

H1299) cells were treated with 0 or 8 Gy of 

KU55933 (10µM). Cells 

were lysed and subjected to immunoblotting with indicated antibodies. Representative 

immunoblots of 4 experiments are shown.  (C) AMPK inhibition by Comp. C (CC) 

induced phosphorylation of ACC and expression of p53 and p21
waf/cip 

(p21). 

treated with Comp. C (25 µM) before IR, followed by 

inhibits AMPK expression and activation and 
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IR-induction of p53.  (E) Anti-AMPK-α-siRNA inhibits activation of AMPK and IR-

induced expression of p53 and p21
waf/cip

. A549 cells were subjected to molecular 

knockdown of AMPK and treated with IR (0 or 8 Gy), followed by incubation (1h), lysis, 

and immunoblotting.  
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Figure 2.4: AMPK participates in IR-regulation of cell cycle and survival. (A) AMPK is 

involved in IR-regulation of cell cycle. Nontransfected H1299 cells were pre-treated with 

CC (1µM) for 1h, or not, before treatment with 0 or 8Gy IR (nontransfected). Other cells 

were transfected with either vehicle alone (vehicle) or anti-AMPK-α-siRNA and were 

treated with 0 or 8 Gy IR (transfected). Cell cycle phase was analyzed 24h later. Mean 

results of 3-4 independent experiments are shown in bar graphs. (B) Effects of Compound 

C (Comp. C) on AMPK phosphorylation (P-AMPK) and induction of  p53 and p21
waf/cip 

(p21).  A549 or H1299 cells were pre-treated with low doses of Comp. C (1µM) for 1 h 

before exposure to 2 Gy of IR followed by lysis and immunoblotting. (C) A549 cells were 

treated with the indicated concentrations of metformin for 1 h before exposure to 2 Gy or 

IR followed by lysis and immunoblotting. Bar graphs showing densitometry results 

(Mean+SE) of three experiments (* P<0.05). (D) AMPK inhibition induces radiation 

resistance, and metformin potentiates IR-induced clonogenic death. Clonogenic assays 

were pursued with A549 and H1299 cells that were subjected to 0 or 2 Gy of IR without 

or with pre-incubation with CC (1µM) or metformin (5µM). The results are the Mean+SE 

of 3-4 independent experiments. 
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Figure 2.5: Model of molecular pathway of AMPK regulation by IR and its effects on 

cell cycle and survival. Our results suggest that in cancer cells, IR activates AMPK in an 

ATM-dependent, LKB1-independent, fashion leading to induction of p21
waf/cip 

expression, 

regulation of G2/M checkpoint and clonogenic death. AMPK appears to mediate a tumor 

suppressor pathway that can be targeted by metformin to enhance radiation responses. 
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Supporting Experiments 

 Due to space restriction and critical feedback from reviewers, some of the 

experimental data have not been incorporated in the final version of the paper. However, 

these experiments were mainly conducted as appropriate controls to validate the 

specificity of our antibodies, siRNA sequences, and chemical inhibitors (compound C) 

for AMPK. A list of supporting figures is listed below, as well as a brief explanation of 

their relevance to the manuscript.  
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Figure 2.S1: Immunofluorescence microscopy with the anti-Phospho-AMPK antibody in 

cells transfected with either vehicle alone or siRNA against AMPK α1 + α2. A549 were 

transfected with either vehicle alone or anti-(α1 + α2 subunit) AMPK siRNA. Cells were 

incubated for 72 hours and were then subjected to 8 Gy of IR and were fixed and 

permeabilized 15 min later. Cells were then labelled with anti-phospho-AMPK (α subunit 

T172, [P-AMPK]) antibody and examined by wide-field fluorescence microscopy.  

  

This experiment was conducted to test the specificity of our phospho-AMPK 

antibody to be used for immunofluorescence.   
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Figure 2.S2: AMPK inhibition with Compound C inhibits the radiation-induced G2-M 

arrest. A549 cells were pre-treated, or not, with Compound C (1µM) before exposure to 0 

or 8 Gy or radiation. Cell cycle analysis was pursued 48 h later.  

  

I initially conducted cell cycle analysis using compound C to block AMPK 

activity. However, the reviewers were worried about the potential “off-target” effect of 

this inhibitor. Thus, for the final version of the paper I utilized siRNA against AMPK 

instead, and kept this figure as supplemental data.   
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Figure 2.S3: Effects of Compound C and Metformin in PC3 prostate cancer cells. (A) 

PC3 prostate cancer cells were pre-treated with Compound C (CC) (1 µM) before 

exposure to 2Gy IR followed by incubation for 1 hour, lysis and immunoblotting.  (B) 

Clonogenic survival assays were pursued with PC3 cells that were subjected to 2 Gy of 

IR without or with pre-incubation with either Compound C (1 µM) or metformin (5 µM), 

as described in Methods (* P<0.05).  

  

This experiment was conducted to demonstrate that modulation of AMPK activity 

with compound C or metformin could affect radiation sensitivity in prostate cancer cells.  

This also helped me to put forward the notion that this may be a universal effect in cancer 

cells, and not just restricted to lung cancer cell lines.  

  



Ph.D. Thesis – Toran Sanli – McMaster University – Medical Sciences 

 

92 

 

 

Figure 2.S4: Effects of Compound C on the radiation induced phosphorylation of ATM 

and Chk2. A549 Lung cancer cells were either left untreated or pretreated with the 

indicated concentration of compound C (1 or 25 uM) for 1 hour followed by treatment 

with 8 Gy of IR or not. Cells were then lysed 1 h after radiation (or 8 h after IR only 

where indicated) and were subjected to electrophoresis and immunoblotting.   

  

This experiment was conducted to demonstrate that compound C does not 

dramatically affect IR-induced ATM/Chk2 signalling. Conceptually this makes sense 

since ATM is upstream of AMPK in our model, and compound C should ideally only 

target AMPK for inhibition.  
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Figure 2.S5:  Immunofluorescence microscopy with the anti-Total- AMPK antibody.  

A549 were treated with 8 Gy of IR or not and fixed and permeabilized after 1 h. Cells 

were then labelled with anti-total-AMPK antibody, stained with Hoechst 33258 DNA 

stain and examined by wide-field fluorescence microscopy.  

  

Immunofluorescence was performed with a total-AMPKα antibody to examine if 

it follows a similar sub-cellular distribution pattern as phosphorylated AMPKα. At 1h, 

8Gy IR does not affect the expression or distribution of total AMPKα significantly.   
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Figure 2.S6: Cell Proliferation Assay with Metformin and ionizing radiation (IR). A549 

were treated with the indicated concentrations of metformin 1h prior to exposure to 0-2 

Gy of IR and maintained for an additional 96h in an incubator. Cell number was evaluated 

using the Hoechst stain method (20µg/mL Hoechst 33258 in Tris-NaCl-EDTA (TNE) 

buffer). The DNA fluorescence was determined using the Cyto-Fluor Multi-well Plate 

Reader (Applied Biosystems, Toronto) which was then converted to cell number by 

fitting these values to a standard cell curve. The values were normalized to the untreated 

control group.  

  

This standard proliferation assay was requested to be used by a review, as it is a 

commonly utilized tool to measure cancer cell proliferation in response to 

chemotherapeutic drugs. However, the observed differences in metformin concentration 

required to have radiosensitizing effects compared to a clonogenic survival assay may be 
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attributed to how each assay measures cell proliferation. Clonogenic survival assays are 

considered the “gold standard” for measuring the radiosensitivity of a population of cells. 

However, a significant disadvantage to this technique is that it is very time-consuming. 

Conversely, standard proliferation assays (in this case using Hoechst 33258 stain) 

measures total DNA content to assess cell survival. This method is much faster and 

allows researchers to screen multiple drugs in one experiment (multi-well plate format), 

but it does not reliably test true mitotic viability. Thus, many studies have indicated that 

1-10mM concentrations of metformin are required to inhibit cancer cell survival 

(Dowling et al., 2007; Rocha et al., 2011) using standard proliferation assay. However, 

we have observed in this study that 5µM metformin is sufficient to sensitize A549 cells to 

IR based on clonogenic survival.  
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Chapter 3: Lovastatin Sensitizes Lung Cancer Cell to Ionizing 

Radiation 

This chapter contains an author generated version of the paper “Lovastatin 

sensitizes lung cancer cells to ionizing radiation. Modulation of molecular pathways of 

radioresistance and tumour suppression”, published in the Journal of Thoracic Oncology 

in March 2011. Permission was generously provided by Wolters Kluwer Health (licence # 

2761430660841). Please see appendix 3 for an attached copyright licence.  

 For this paper, I performed A549 cell culture, as well as cultured SK-MES-1 cells 

which were provided as supplemental data. In addition, I performed western blotting, all 

immunofluorescence and cell cycle experiments, and generated all of the manuscript 

figures. Clonogenic survival and cell proliferation assays were carried out by the lab 

technicians Caiqiong Liu and Sarah Hopmans respectively. I also made significant 

contributions to the introduction and discussion of the paper, but the outline for the 

written text of the manuscript was provided by Dr. Theodoros Tsakiridis. Helpful review 

and suggestions were made by all listed authors for this manuscript.  

Context and Background Information 

 As a continuation of my previous research, I sought to investigate the potential of 

clinically used drugs to act as radiation sensitizers in cancer cells. Statins are a large 

family of cholesterol lowering drugs that specifically target and inhibit 3-hydroxy-3-

methylglutaryl coenzyme A (HMG-CoA) reductase (Boudreau, Yu, & Johnson, 2010).

 Lovastatin is one of the most commonly used statins for cancer research, but its 

potential as a radiation sensitizer for lung cancer has not been examined. Thus, I initiated 
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studies to explore the effect of lovastatin alone, and its combined effect with IR on the 

survival of radiation-resistant A549 lung cancer cells. In addition, I examined the 

molecular mechanism by which lovastatin inhibits cancer cell survival and its synergistic 

effects with radiation on signalling pathways involved in radiation resistance and tumour 

suppression. I was particularly interested to see if lovastatin, like metformin, could 

activate AMPK and potentiate IR-induced AMPK phosphorylation. 

To address the ability of lovastatin to inhibit lung cancer cell survival I initially 

performed a dose-response in A549 cells (0-50µM range). The clonogenic survival of 

these cells was significantly inhibited with 10µM lovastatin alone, and was completely 

abolished with 25-50µM lovastatin. To address its role as a radiation sensitizer, I utilized 

concentrations of lovastatin between 5-10µM since this was the range where noticeable 

reductions in clonogenic survival were observed. Indeed, lovastatin significantly 

enhanced the cytotoxic action of IR, but this effect was reversed in the presence of 

mevalonate, which is the product of statin inhibition in the cholesterol signalling pathway.  

I then began to explore the mechanism of lovastatin action on lung cancer cell 

signalling. The epidermal growth factor receptor (EGFR) stimulates a number of 

substrates that supports cell proliferation and radiation resistance, including Ras, Akt, 

Erk, and mTOR (Zimmermann, Zouhair, Azria, & Ozsahin, 2006). Furthermore, many 

non-small cell lung cancer (NSCLC) lines, including A549’s overexpress EGFR (Xu et 

al., 2011). To investigate if EGFR-mediated pro-survival signalling was blocked by 

lovastatin, I treated A549 cells with epidermal growth factor (EGF) alone, or in 

combination with 5-10µM lovastatin. EGF is a widely used research tool to enhance 
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growth factor signalling and EGF potently stimulated EGFR, as well as downstream Akt 

and Erk phosphorylation. However, 24h pre-incubation with lovastatin significantly 

blocked EGF-induced EGFR and Akt phosphorylation, without dramatically effecting Erk 

signalling. I observed a similar trend by which lovastatin inhibits Akt signalling in 

response to IR but did not affect IR-mediated Erk signalling; suggesting that lovastatin 

preferentially inhibits the EGFR-Akt pathway. 

My earlier work (Chapter 2) implicated AMPK as an important mediator of IR-

induced cell cycle regulation and target for the radiosensitization of cancer cells. In 

addition, AMPK also shares the same ability as statins to inhibit the HMG-CoA reductase 

pathway. Thus, I performed western blotting against phosphorylated AMPK and ACC to 

see if lovastatin could activate and potentiate IR-induced AMPK activity. Indeed, 

lovastatin enhanced AMPK and ACC phosphorylation alone and also significantly 

potentiated the ability of IR (2-8Gy) to activate AMPK in A549 cells.  

To see if lovastatin had a functional role in modulating cell cycle progression in 

response to IR, I performed western blotting and cell cycle analysis in A549 cells treated 

with lovastatin, IR, or the combination of treatments. IR is established to inhibit cell cycle 

progression through the induction of p53 and the cyclin dependent kinase inhibitors 

(CDKI’s) p27 and p21 (Wahl, Linke, Paulson, & Huang, 1997). Interestingly, when I 

examined the protein levels of these markers I observed that lovastatin inhibited the 

induction of p53, p27, and p21 in response to IR. However, when I conducted cell cycle 

analysis it became apparent that lovastatin primarily shifts these cells into apoptosis 

instead of mediating cell cycle arrest.  
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To confirm these findings I also performed western blotting against the apoptotic 

marker cleaved caspase 3 (CC3), as well as observed the morphological changes in these 

cells when they were subjected to lovastatin treatment. Lovastatin alone induced 

significant expression of CC3, and extended the time-frame of IR-induced CC3 

formation. In line with my cell cycle and CC3 results, I also observed that lovastatin 

caused a time-dependent increase in the formation of apoptotic nuclei in A549 cells. 

Taken together, I put forward a model of lovastatin action where it can inhibit EGFR-Akt 

induced radiation resistance and systematically activate AMPK, as well as promote 

apoptosis in lung cancer cells.  
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Abstract 

Introduction:  In this study, we investigated the effect of the 3-hydroxy-3-methylgutaryl-

CoA reductase inhibitor lovastatin, as a sensitizer of lung cancer cells to ionizing 

radiation (IR). 

Methods: A549 lung adenocarcinoma cells were treated with 0 to 50 µM lovastatin 

alone or in combination with 0 to 8 Gy IR and subjected to clonogenic survival and 

proliferation assays. To assess the mechanism of drug action, we examined the effects of 

lovastatin and IR on the epidermal growth factor (EGF) receptor and AMP- activated 

kinase (AMPK) pathways and on apoptotic markers and the cell cycle. 

Results: Lovastatin inhibited basal clonogenic survival and proliferation of A549 cells 

and sensitized them to IR. This was reversed by mevalonate, the product of 3-hydroxy-

3-methylgutaryl-CoA reductase. Lovastatin attenuated selectively EGF-induced 

phosphorylation of EGF receptor and Akt, and IR-induced Akt phosphorylation in a 

mevalonate-sensitive fashion, without inhibition on extracellular signal-regulated kinase 

1/2 phosphorylation by either stimulus. IR phosphorylated and activated the metabolic 

sensor and tumor suppressor AMPK, but lovastatin enhanced basal and IR- induced 

AMPK phosphorylation. The drug inhibited IR-induced expression of p53 and the cyclin-

dependent kinase inhibitors p21
cip1

 and p27
kip1

, but caused a redistribution of cells 

from G1-S phase (control and radiated cells) and G2-M phase (radiated cells) of cell 

cycle into apoptosis. The latter was also evident by induction of nuclear fragmentation 

and cleavage of caspase 3 by lovastatin in both control and radiated cells. 

Conclusions: We suggest that lovastatin inhibits survival and induces 
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radiosensitization of lung cancer cells through induction of apoptosis, which may be 

mediated by a simultaneous inhibition of the Akt and activation of the AMPK signaling 

pathways. 

Keywords: Lovastatin, Lung cancer, A549 cells, Radiation sensitizer,  Apoptosis,  Akt,  

AMPK,  Erk,  EGFR,  Cell  cycle,  Cleaved caspase 3. 

Introduction: 

Radiotherapy is a widely used therapy in all stages of Non-Small Cell Lung 

Cancer (NSCLC). However, NSCLC demonstrate intrinsic radioresistance that leads to 

failure of even high dose thorasic radiation
1
. Therefore, there is an urgent need for 

rational development of effective radiation sensitizers for NSCLC, able to inhibit 

molecular pathways mediating radiation resistance.  

Ionizing radiation (IR) elicits signal transduction leading to cell survival, 

apoptosis and cell cycle regulation
2
. IR-induced DNA double strand breaks (DSBs) are 

potentially lethal DNA damages leading to activation of phosphatidylinositol 3-kinase 

(PI3k)-like family protein kinases such as DNA-PK and Ataxia Telengiectasia Mutated 

(ATM)
3
. ATM mediates phosphorylation of p53 leading to stabilization of this tumour 

suppressor and cell cycle arrest at the G1-S or the G2-M check points through induction 

of the cip/kip family cyclin-dependent kinase inhibitor (CDKI) p21
cip1 4

.  p27
kip1

, another 

cip/kip family CDKI, functions independently of the p53-p21
cip1 

pathway, inhibits cyclin 

E-Cyclin Dependent Kinase (CDK) 2 complex and cycle progression through the G1-S 

checkpoint
4
.  
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Recently, we reported that the energy sensor AMPK, an established effector of the 

tumour suppressor LKB1, is activated by IR in a variety of epithelial cancer cells
5
. IR 

activates AMPK in LKB1-independent but ATM-dependent manner leading to induction 

of p53 and p21
cip1

, cell cycle arrest at the G2-M check point as well as modulation of the 

sensitivity of cells to IR. IR is also shown to regulate mediators of the signalling pathway 

of Epidermal Growth Factor Receptor (EGFR)
6, 7

, a well established activator of cancer 

cell proliferation. IR activates the downstream effector pathways of EGFR such as the 

phosphatidylinositol 3-kinase (PI3k)–Akt-mammalian target of rapamycin (mTOR), and 

the Raf–Mitogen Activated Protein kinase (MAPK)-kinase (Mek1)-MAPK p42/44 (also 

known as extracellular signal regulated kinase [Erk1/2]) pathways. These are known to 

mediate cell survival and radiation resistance, gene expression and protein synthesis
8, 9

.  

Small GTP-binding proteins of the Ras family such as Ras, Rac and Rho (A/B) 

mediate signal transduction downstream of EGFR to activate the PI3k-Akt-mTOR and 

the Raf-Mek-Erk1/2 pathways. Ras mutations are frequent in lung cancer; they occur in 

both the H- and K-Ras isoforms and were shown to induce radiation resistance in vitro
10, 

11
. For that, extensive work is focused on targeting Ras family members with inhibitors of 

prenylation, a post-translational modification required for membrane targeting and 

function of Ras
12

.  

Members of the statin family of 3-Hydroxy-3-methylgutaryl CoA (HMG-CoA) 

reductase inhibitors are widely used anti-cholesterol agents which inhibit the conversion 

of HMG-CoA to mevalonate, a rate-limiting step of the mevalonate–cholesterol 

biosynthesis pathway
13, 14

. This pathway is also vital for the production of farnesyl and 



Ph.D. Thesis – Toran Sanli – McMaster University – Medical Sciences 

 

104 

 

geranylgeranyl moieties required for the post-translational modification and function of 

Ras and Rho, respectively
13

. For this reason, statins have been studied extensively as anti-

tumour agents. 

During the past 20 years a large amount of studies have demonstrated the anti-

proliferative and pro-apoptotic effects of statins both in-vitro and in animal models of 

cancer. Growth inhibition, cell cycle arrest and induction of apoptosis in cancer cells has 

been demonstrated convincingly
15

. The interest in these drugs was enhanced by 

epidemiological studies indicating that patients on statins may have lower risk for 

development of colorectal carcinoma
16

 and lung cancer
17

. The Veterans Affairs (VA) 

Health Care System study showed that use of statins for more than 6 months could offer a 

55% risk reduction on the incidence of lung cancer
17

, indicating that these agents may 

have significant chemoprevention action. Further, in prostate cancer statin use is 

suggested to decrease the risk for advanced and metastatic cancer in epidemiological 

studies
18

, to slow disease progression after radical prostatectomy
19

 and, importantly, to 

reduce disease recurrence in patients treated with curative radiotherapy
20, 21

.   

 Lovastatin is probably the most widely studied statin in cancer. It has been shown 

to possess anticancer properties in-vitro and in-vivo
14

. The anti-proliferative action of 

lovastatin has been demonstrated in lung cancer cells
22

 but its role as a potential IR 

sensitizer or adjunct to radiation has not been examined in lung cancer models. Here, we 

examined the effects of lovastatin on clonogenic survival of lung cancer cells treated 

without or with IR and explored the effects of this drug on cell cycle, apoptosis and 

signalling pathways involved in IR resistance.  
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Methods: 

Materials. Roswell Park Memorial Institue (RPMI) media, fetal bovine serum (FBS), 

trypsin and antibiotic were purchased from Invitrogen (Burlington, ON). Antibodies 

against, phospho-EGFR, phospho-Akt, phospho-Erk, p53, phospho-AMPK α-subunit, 

p21
cip1

,
 
p27

kip1
, cleaved caspase 3, actin, and HRP-conjugated anti-rabbit secondary 

antibody were purchased from Cell Signalling (Mississauga, ON, Canada). 

Polyvinylidene difluoride (PVDF) membrane was purchased from Pall Corporation (Port 

Washington, NY). Lovastatin, mevalonate, and Hoechst 33258 were purchased from 

Sigma (Toronto, ON). A549 cells were from the American Type Culture Collection 

(ATCC: Manassa, VA).  

Cell Culture and Treatments. A549 cells were grown in RPMI media containing 5mM 

glucose, 10% (vol/vol) FBS and 1% (vol/vol) antibiotic-antimycotic at 37
o
C as described 

previously
23

. Cells were treated with the indicated concentrations of lovastatin 24 hours 

before radiation.  

Clonogenic Assay. A549 cells were subjected to clonogenic assays as described earlier
5
. 

Briefly, 500 or 1000 cells were seeded into individual wells of a 6-well plate in triplicate 

and maintained at the indicated doses of lovastatin prior to radiation (2-8Gy). After 7 

days, cells were fixed and stained with mythelene blue and viable colonies (>50 cells) 

were counted. Results are expressed as cell survival fraction compared to untreated 

control. To evaluate radiation sensitization by lovastatin data were fitted to the linear 

quadratic equation using Graphpad Prism 5 software (La Jolla, CA) as described 

previously
24

.  
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Proliferation Assay: Approximately 2500 cells were seeded into a 96 well plate and 

treated with the indicated concentrations of lovastatin before being exposed to 0Gy, 2Gy 

or 8Gy IR. Ninety six hours later, the cells were washed with PBS, distilled H20 was 

added to each well, and the plates stored at   -80
o
C until completely frozen. The plates 

were then thawed and stained with Hoechst working solution (20 µg/mL Hoechst 33258 

in a TNE buffer), and fluorescence was determined using the Cyto-Fluor Plate Reader 

(Applied Biosystems, Toronto, ON).   

Immunoblotting. Twenty µg of protein was separated by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis, transferred to PVDF membrane as described earlier
23

. 

The primary antibody was detected with HRP-conjugated anti-rabbit secondary antibody 

and enhanced chemiluminescent detection reagent.  

Cell Cycle Analysis. The propidium iodine method was used as previously described
5
. 

Cells were treated with lovastatin (10µM) before treatment with 0 or 8Gy of IR, were and 

incubated for the indicated times and were then subjected to flow cytometric cell cycle 

analysis using a FACScan flow cytometer (Beckton Dickinson, Mississauga, ON).  

Immunofluorescence Microscopy. Cells grown on glass coverslips for 24h were treated 

with lovastatin (10µM) for the indicated times. Then, cells were stained with Hoechst 

33258 and images were obtained as previously described
5
. Quantitation of apoptotic cells 

(showing nuclear fragmentation) was performed by counting the average proportion of 

apoptotic cells in four high power fields on each slide (100 cells counted in each quadrant 

of each slide). Values were normalized to the untreated control.   
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Statistical Analysis. Statistical analyses was performed with unpaired T-test, using SPSS 

v16.0 software (Somers, NY) and are presented as Mean ± SEM of at least three separate 

experiments.   

Results: 

Lovastatin inhibits NSCLC cell survival and enhances the cytotoxicity of IR.  

We initiated our studies with clonogenic survival assays. Lovastatin alone caused 

a dose-dependent inhibition of clonogenic survival in A549 cells (Figure 1A). The drug 

began inhibiting clonogenic survival at a dose of 5 µM (10% reduction in survival), 

inhibited the majority of clonogenic survival at 25 µM (95% reduction in survival) and 

completely abolished survival at 50 µM (Figure 1A). 

 Lovastatin sensitized A549 cells to IR (Figure 1B). Clonogenic assay values were 

fitted into a linear quadratic model. Both 5 and 10 µM of the drug showed significant 

radiosensitization of A549 cells to 2–8 Gy of IR. Almost complete inhibition of 

clonogenic survival was achieved with 10 µM lovastatin in combination with 8Gy IR. In 

addition we evaluated proliferation through DNA synthesis analysis using the Hoescht 

DNA staining method. Five micromolar of lovastatin inhibited basal cell proliferation (by 

33%; compared to 0 Gy control) without affecting significantly the proliferation levels 

after IR (Figure 1C). However, at 10 µM, the drug inhibited dramatically cell 

proliferation in both control cells and those radiated with 2 or 8 Gy (by 63% and 90%, 

respectively).  

Mevalonate prevents lovastatin-induced inhibition of clonogenic survival. 
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 We used mevalonate to examine the specificity of lovastatin for the mevalonate-

cholesterol synthesis pathway (Figure 1D). Two gray of IR decreased clonogenic survival 

by 44% compared to control. Lovastatin alone (15 µM) inhibited survival by 75% and by 

92% when combined with 2 Gy of IR. In these experiments the higher concentration of 15 

µM lovastatin was used to examine whether mevalonate is capable of reversing the 

effects of even high lovastatin doses. Mevalonate (100 µM) inhibited the lovastatin-

induced decrease in cell survival in both non-radiated and radiated cells, suggesting that 

lovastatin mediates its cytotoxic action solely through inhibition of the mevalonate 

synthesis pathway. 

Lovastatin inhibits EGF-stimulated activation of EGFR and Akt.   

To analyze the mechanism of action of lovastatin we examined first its effects on 

EGF-induced EGFR and downstream effector phosphorylation. EGF induced 

phosphorylation of EGFR, and the Akt and Erk1/2 kinases (Figure 2). However, 

lovastatin inhibited EGFR and Akt phosphorylation, in a dose-dependent fashion, without 

affecting phosphorylation of Erk1/2 (Figure 2).  

Modulation of IR-stimulated activation of Akt and AMPK. 

 Control and lovastatin treated cells were subjected to increasing doses of IR and 

were analyzed by immunoblotting. IR induced a consistent Akt phosphorylation, even 

with the lower dose of 2 Gy but Erk phosphorylation was seen only after 4-6 Gy (Figure 

3A-C). Interestingly, lovastatin abolished the IR activation of Akt but did not affect 

significantly Erk1/2 phosphorylation by IR (Figure 3A-C). The inhibition of IR-induced 

Akt phosphorylation by lovastatin was completely reversed by addition of mevalonate 
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(Figure 3D-E), consistent with clonogenic survival results (Figure 1D). IR also caused a 

dose-dependent phosphorylation of AMPK that was accompanied by activation of this 

kinase shown by the enhanced phosphorylation of its established substrate Acetyl CoA 

carboxylase (P-ACC), as observed earlier
5
 (Figure 4A-C). Interestingly, lovastatin 

enhanced significantly both basal and radiation-induced AMPK phosphorylation and 

activity. 

 Modulation of cell cycle regulators and the cell cycle by lovastatin. 

Akt and AMPK pathways regulate cell cycle through modulation of p53 and 

CDKIs p27
kip1

, and p21
cip1 25

. Therefore, we examined whether lovastatin modulates the 

levels of these cell cycle inhibitors in control and IR-treated cells. We observed a 

significant increase in the expression of p53, p27
kip1

, and p21
cip1

 in response to IR (Figure 

5A). However, lovastatin caused an early inhibition of the IR-induced expression of p53, 

p27
kip1

, and p21
cip1

, within 24 h, and for that we examined the levels of these three cell 

cycle regulators up to 96 h after initiation of treatments. IR maintained enhanced p53, 

p27
kip1

, and p21
cip1

 levels up to 96 hours later (Figure 5A) but lovastatin inhibited this IR-

induced expression, which was almost completely eliminated at 96 h.  

Effects on cell cycle phase distribution. 

Lovastatin alone did not affect significantly the distribution of cells in the phases 

of the cell cycle in the first 24 hours (Figure 5B). However, lovastatin caused a 

progressive significant shift of cells into G0/G1 phase, after 24 h, compared to control, 

and eventually a marked induction of apoptosis by 72 - 96 h (24 h: 2%; 96 h: 89%). IR 

alone caused a significant arrest of cells in G2/M phase at 48h (Control: 0%; IR: 31%). 
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However, lovastatin attenuated IR-induced G2/M arrest and shifted cells into G0/G1 

phase and apoptosis (IR G2-M: 31%; Lovastatin + IR G2-M: 12%; Figure 5C).  

Apoptosis events induced by lovastatin.  

Finally, we examined the effects of lovastatin and IR on molecular and 

morphological markers of apoptosis. Cleaved caspase 3 levels, an established marker of 

apoptosis
26

, were analyzed by immunoblotting. Lovastatin alone caused a significant 

increase in cleaved caspase 3 levels and further potentiated IR-induced expression of this 

protein at 12 hours (Figure 6A). IR-induction of cleaved caspase 3 dissipated after 12 

hours, but lovastatin enhanced cleaved caspase 3 levels for up to 48 hours later and 

decreased thereafter. We analyzed apoptotic events also with morphological analysis of 

cells treated with lovastatin for 0 to72 h. Consistent with induction of cleaved caspase 3 

(Figure 6A) and the cell cycle results (Figure 5), lovastatin caused a time-dependent 

nuclear fragmentation and induction of apoptotic bodies (Figure 6B-C).  

Discussion: 

Lovastatin was shown to sensitize human cervix cancer cells to ionizing 

radiation
27

. Recently, another statin, simvastatin, was shown to inhibit small-cell lung 

cancer growth in vitro and in vivo
28

, and Bellini et al.
29

 showed that simvastatin inhibits 

the proliferation of A549 lung cancer cells. However, the potential benefit of combining 

statins with therapeutic doses of IR has not been examined in lung cancer models. To our 

knowledge, this is the first study to demonstrate that lovastatin acts as a radiation 

sensitizer in NSCLC cells. 

Lovastatin regulation of clonogenic survival in control and radiated cells. 
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 We observed that lovastatin sensitized A549 lung cancer cells to therapeutic doses 

of IR of 2-8 Gy (Figure 1). This was mediated specifically through inhibition of the 

mevalonate pathway, as exogenous mevalonate completely reversed the decrease in lung 

cancer cell survival observed by lovastatin (Figure 1D). Fritz et al.
27

 examined the 

sensitivity of a number of cancer cell lines to lovastatin but only a few of them showed 

sensitivity to lovastatin at high doses. HeLa cells required 20-50µM of lovastatin to 

demonstrate radiosensitization
27

.  In this study, lung adenocarcinoma A549 cells showed 

higher sensitivity to the drug (at 5 and 10 µM), indicating that survival pathways in those 

cells may be more dependent on protein prenylation events.  

Interestingly, in recent experiments investigating the effects of lovastatin in SK-

MES lung cancer cells, a cell line of squamous cell carcinoma origin, we have observed 

an even greater sensitivity to the drug. These results are shown in Figure s1 

(Supplemental Digital Content) and indicate a 20 to 50 times greater sensitivity of SK-

MES cells to lovastatin compared to adenocarcinoma A549 cells. We are currently 

investigating in depth the molecular etiology of this higher sensitivity of SK-MES cells 

and its implications. However, overall, our results demonstrate that lung cancer cells 

show significant radiosensitization in response to lovastatin that should be explored 

further in preclinical in-vivo and in clinical studies. 

As other statins, beyond lovastatin, have shown anti-proliferative effects in cancer 

cells
15

, one wonders whether lung cancer cell radiosensitization is a phenomenon unique 

to lovastatin. For that, we began to explore the effects of other statins in A549 cells. In 

preliminary studies, we observed that simvastatin is also able to inhibit proliferation of 
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A549 cells (as shown earlier
29

) and to sensitize lung cancer cells to IR. This indicates that 

radiosensitization is likely a common effect for this class of agents (Figure s2, in 

Supplemental Digital Content).  

Effects on EGFR and effector kinases. 

Adenocarcinoma A549 cells have a genetic profile that offers a survival advantage 

including a K-Ras (Gly12-Ser) mutation
30

. K-Ras activates the PI3k-Akt pathway
31

 and 

that is required for NSCLC tumurogenesis in K-Ras mutant mice
32

. Because it inhibits 

post-translational modification of Ras GTP-binding proteins, lovastatin is expected to 

abrogate oncogenic K-Ras and EGFR signalling. In this study, we observed that 

lovastatin selectively abrogated EGF-stimulated phosphorylation of EGFR and Akt but 

not Erk1/2. This discrepancy was observed also by Mantha et al.
33

 in SCC9 head and 

neck tumour cells and suggests that, (1) persistent EGFR phosphorylation may not be 

required for Erk1/2 activation and (2) activation of Erk1/2 alone is not adequate to confer 

radiation resistance. Our observations suggest that in lung cancer cells, lovastatin is able 

to inhibit selectively the key pro-survival pathway of Akt. This alone could account for 

the anti-proliferative and pro-apoptotic effects of the drug.  

Lovastatin regulation of IR-activated signals. 

Effects on Akt. 

 Similar to EGF-induced signals, lovastatin attenuated IR-activation of Akt, in a 

mevalonate-dependent fashion, but did not affect IR-activation of Erk1/2 (Figure 3A-C). 

Similarly, Mistafa and Stenius
34

 found that statins primarily target the Akt pathway to 

sensitize pancreatic cancer cells to chemotherapeutic drugs, without effecting Erk. Studies 
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in K-Ras mutant cells, including A549, have shown that in these cells activation of the 

EGFR-PI3k-Akt pathway confers radioresistance
35

 and that inhibition of this axis by 

EGFR inhibitors sensitizes cells to IR
36

. Further, Akt is an established mediator of 

radiation resistance in many cancer cells
37

. The effect of lovastatin to inhibit IR-activation 

of Akt illustrates a key property of this drug that likely mediates its radio-sensitization 

action.  

Effects on AMPK.  

A549 cells also carry a point mutation of the LKB1 gene (codon 37 [Q-Ter]) that 

generates a truncated LKB1 product
38

. Therefore, these cells lack LKB1-regulated AMPK 

activation an event that is shown to lead to aberrant activation of the Akt – mTOR 

pathway activating protein synthesis and survival
39

. In this study, in agreement with 

earlier studies with statins
40

, we observed that lovastatin alone activated AMPK. 

However, we observed that it also potentiated its activation by IR (Figure 4C).  Recently, 

we observed that IR activates AMPK in LKB1 null A549 cells
5
. Our observations in the 

same cells here suggest that lovastatin also activates AMPK in an LKB1-independent 

fashion. These observations are significant since AMPK is (1) shown to dephosphorylate 

and inhibit Akt through increased protein phosphatase 2A (PP2A) activity
41

 and (2) 

inhibit the mTOR pathway by directly phosphorylating either its upstream regulator 

Tuberous Sclerosis 2 (TSC2) or its binding partner Raptor
39

.  

Importantly, AMPK activation also mimics statin action since this kinase is 

known to inhibit HMG-CoA reductase
42

. Therefore, AMPK activation by stimuli such as 

IR can work synergistically with lovastatin to augment the effects of inhibition of the 



Ph.D. Thesis – Toran Sanli – McMaster University – Medical Sciences 

 

114 

 

mevalonate pathway. Taking these notions together with the discussion earlier, lovastatin 

seems to be a highly attractive agent with dual potential to enhance the activity of AMPK 

and inhibit the Akt pathway through a number of potential molecular steps.  

Modulation of cell cycle. 

Cell cycle regulators. 

 IR regulates cell cycle through the induction of p53 and CDKIs, p21
cip1

 and 

p27
kip1

, expression to mediate mainly an arrest at the G2-M checkpoint
43

. We 

hypothesized that lovastatin’s anti-proliferative effects may involve arrest of the cell 

cycle through enhanced expression of p53 and CDKIs. Although we did observe a potent 

induction of p53, p21
cip1

, and p27
kip1

 expression by IR alone, lovastatin inhibited IR-

induction of p53 and CDKI expression (Figure 5A). This may be due to either (1) effects 

of the drug on global gene transcription and translation or (2) a dependence of p53 and 

CDKI expression on specific events inhibited by lovastatin. Statins were shown to inhibit 

mTOR-dependent phosphorylation or deactivation of the translational repressor 

eukaryotic initiation factor 4E (eIF4E)-binding protein, leading to suppression of 

initiation of cap-dependent mRNA translation
44

. It should be stressed that we did not 

detect in our study any significant effects on the levels of any other proteins, including 

signalling molecules or actin, suggesting that a global effect on gene expression is 

unluckily. Conversely, Akt activity, which is inhibited by lovastatin, is required for the 

DNA damage induced stabilization of p53
45

 and this mechanism may be active in 

lovastatin-treated cells. A decrease in p21
cip1

 levels with statin treatment was observed by 

other investigators in A549 cells
22

. Consistent with observations in HeLa cells
27

, our work 
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suggests that the mechanism of radiosensitization of A549 cells is independent of p53 and 

the CDKIs p21
cip1

 and p27
kip1

. 

Cell cycle. 

 Lovastatin was shown to inhibit cell cycle progression at G0/G1 phase and 

promote apoptosis in thyroid cancer
46

, breast cancer
47

, glioblastoma
48

, cervical cancer 

cells
27

 and squamous cell carcinomas
49

. In this study, we observed that lovastatin 

treatment shifted cells into G0/G1 phase with a markedly increased proportion of cells 

moving into apoptosis after 48 h of treatment (Figure 5B). Prolonged treatment with 

lovastatin (96h) induced marked induction of apoptosis in non-radiated cells and caused a 

reversal of the G2-M checkpoint arrest induced by IR and a G0/G1 and apoptotic 

distribution (Figure 5B-C). It is possible that inhibition of the IR-induced G2-M arrest by 

lovastatin induced radio-sensitization through prevention of DNA repair and induction of 

genomic instability. 

Induction of apoptosis. 

 Consistent with the cell cycle analysis results, we observed that lovastatin alone 

induced cleaved caspase 3, a significant contributor to protein degradation. Although IR 

caused a reversible induction of this marker that was not detectable after 24h, lovastatin 

enhanced and prolonged the IR-induced cleaved caspase 3 formation for up to 72h 

(Figure 6A). Furthermore, morphological analysis verified a progressive formation of 

apoptotic bodies with continued incubation with lovastatin (Figure 6B-C). Overall, our 

results are consistent with other studies
22,50

, suggesting apoptosis as major mechanism of 
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the cytotoxic action of lovastatin and suggests that this is also a predominant mode of 

action of the drug when combined with radiation in lung cancer cells. 

Potential for clinical development in Lung Cancer in combination with radiotherapy. 

A number of clinical studies explored the potential of lovastatin to achieve 

tumoricidal doses in human patients. Typical doses of lovastatin aiming to control 

cholesterol levels in humans are approximately 1mg/kg/day and are shown to yield serum 

lovastatin concentrations in the range of 0.15 – 0.3 µM
51

.  Early phase dose-escalation 

studies have explored a number of regiments, and in a study of 7 consecutive days 

treatment, in 4 week cycles, doses up to 25mg/kg/day were tolerated without severe 

myopathy
51

. Ubiquinone is utilized to address myopathy. Under these conditions, 

maximum tolerated doses (MTD) were not reached, and systemic drug concentrations 

reached 0.1- 3.92 µM 
51

. In a study with end-stage head and neck and cervix cancers 

patients
52

, a regiment of 7.5mg/kg/day for 21 consecutive days in 4 week cycles was 

defined as MTD in patients with good renal function. Although no objective responses 

were seen in this study, where lovastatin was used as a single agent, the authors still 

reported a 23% rate of stable disease at 3 months
52

, which is indeed encouraging in 

patients with end-stage disease.  

The aforementioned studies suggest that it is possible to achieve safely 

tumouricidal and radiosensitizing doses of lovastatin in cancer patients. Our work 

indicates that some lung cancer tumours may exhibit sensitivity to lovastatin even in the 

high nanomolar range (Figure s1 in Supplemental Digital Content and discussion earlier) 

making it even more plausible that lovastatin will sensitize tumours to IR in human 
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patients. Overall, these data indicate that this drug deserves further investigation with in-

vivo preclinical and clinical studies. Although, other statins may also be able to radio-

sensitize lung tumour cells (Figure s2 in Supplemental Digital Content and discussion 

above), lovastatin remains the best studied agent in this class, in both the pre-clinical and 

the clinical setting and, therefore, is the most favourable candidate for further 

development. 

Conclusions: 

 Figure 7 illustrates our model of the action of lovastatin in lung cancer cells. Our 

work suggests that lovastatin is a promising agent with significant anti-tumour properties 

as a single agent as well as a radiation sensitizer. Lovastatin seems to function mainly 

through induction of apoptosis. This effect may be mediated by a unique simultaneous 

inhibition of the pro-survival Akt and activation of the tumour suppressor AMPK 

pathways. This work presents compelling evidence which support further investigation of 

lovastatin as a radiation sensitizer in-vivo. Work in animal models of lung cancer will 

expedite the development of this drug to the clinical setting in early phase studies in 

combination with radiotherapy. 
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Figure s1: Lovastatin inhibits SK-MES cell clonogenic survival and sensitizes these cells 

to ionizing radiation. 

Figure s2: Simvastatin inhibits A549 cell clonogenic survival and sensitizes these cells to 

ionizing radiation. 
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Figure 3.1: Lovastatin inhibits non

sensitizes cells to ionizing radiation.

described in the Methods section. Results from five to eight independent experiments 

were normalized to the controls and are shown as the mean ± standard error (SE). 
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or with 5 µM (L5) or 10 µM lovastatin (L10) and subjected to clonogenic assays. Results 

from five to six independent experiments were normalized to the controls and are shown 
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Lovastatin inhibits non-small cell lung cancer cell clonogenic survival and 

sensitizes cells to ionizing radiation. A, A549 cells were subjected to clonogenic assays as 

described in the Methods section. Results from five to eight independent experiments 

were normalized to the controls and are shown as the mean ± standard error (SE). 

were subjected to increasing doses of ionizing radiation (IR) after incubation without (L0) 

or with 5 µM (L5) or 10 µM lovastatin (L10) and subjected to clonogenic assays. Results 

from five to six independent experiments were normalized to the controls and are shown 

 

 

small cell lung cancer cell clonogenic survival and 

, A549 cells were subjected to clonogenic assays as 

described in the Methods section. Results from five to eight independent experiments 

were normalized to the controls and are shown as the mean ± standard error (SE). B, Cells 

doses of ionizing radiation (IR) after incubation without (L0) 

or with 5 µM (L5) or 10 µM lovastatin (L10) and subjected to clonogenic assays. Results 

from five to six independent experiments were normalized to the controls and are shown 
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as the mean ± SE. C, Cell proliferation was evaluated after treatment with indicated 

concentrations of lovastatin for 24 hours before treatment with indicated doses of IR. 

Proliferation was evaluated 96h later as described in Methods section. Results from three 

independent experiments were normalized to the controls and are shown as the mean ± 

SE. D, Cells were subjected to 2 Gy of IR without or with pre-incubation with either 

lovastatin alone (15 µM), or mevalonate (100 µM) and lovastatin before treatment with 

2Gy IR followed by clonogenic assays. Results are the mean ± SEM of three independent 

experiments. 
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Figure 3.2: Lovastatin modulates epidermal growth factor (EGF)

phosphorylation. A, Cells were pre

of lovastatin for 24 hours before exposure to EGF (1 ng/µL). Cells were then lysed 30min 

after exposure to EGF, followed by immunoblotting with antibodies against 

phoshorylated EGFR, Akt, Erk, or total actin. Representative immunoblots are shown. 

Densitometry values (mean

experiments are displayed in the graph.
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Lovastatin modulates epidermal growth factor (EGF)

, Cells were pre-incubated with or without the indicated concentration

of lovastatin for 24 hours before exposure to EGF (1 ng/µL). Cells were then lysed 30min 

after exposure to EGF, followed by immunoblotting with antibodies against 

phoshorylated EGFR, Akt, Erk, or total actin. Representative immunoblots are shown. 

itometry values (mean+SEM) from three to four independent immunobloting 

experiments are displayed in the graph.  

 

 

Lovastatin modulates epidermal growth factor (EGF)-stimulated Akt 

incubated with or without the indicated concentrations 

of lovastatin for 24 hours before exposure to EGF (1 ng/µL). Cells were then lysed 30min 

after exposure to EGF, followed by immunoblotting with antibodies against 

phoshorylated EGFR, Akt, Erk, or total actin. Representative immunoblots are shown. B, 

SEM) from three to four independent immunobloting 
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Figure 3.3: Lovastatin modulates ionizing radiation (IR)-induced Akt but not Erk 

phosphorylation. Cells were pre-incubated with or without lovastatin (10µM) for 24 hours 

before exposure to the indicated dose of IR. A, Cells were then lysed 1 hour after the 
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indicated doses of IR, followed by immunoblotting with indicated antibodies. B-C, 

Densitometry values of immunoblots (mean+SEM) from three independent 

immunobloting experiments are shown. D, Cells were treated with or without 15µM 

lovastatin or mevalonate (100µM) for 24 hours before exposure to 2Gy IR. Cell lysates 

were subjected to immunobloting. A representative immunblot is shown. E, Densitometry 

values (mean+SEM) from three independent immunobloting experiments are displayed.  
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Figure 3.4: Lovastatin modulates ionizing radiation (IR)-induced AMPK 

phosphorylation. A, Cells were pre-incubated with 10µM lovastatin 24 hours before 

treatment with the indicated dose of IR, lysed and subjected to immunoblotting with the 

indicated antibodies. A representative immunoblot from at least three independent 

experiments is shown. B, Cells were pre-incubated with 10µM lovastatin 24 hours before 

treatment with 0Gy or 8Gy IR. Immunoblotting was performed with an antibody against 

phoshorylated ACC. C, Mean+SEM of densitometry values from three to four 

experiments performed in experiment A, are shown. 
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Figure 3.5: Lovastatin modulates ionizing radiation (IR)-induced expression cell cycle 

inhibitors and the cell cycle. A, Cells were treated with 10µM lovastatin with or without a 

single dose of 8Gy IR. Cells were then lysed at the indicated times (1-96 hours), followed 

by immunoblotting with antibodies that recognize p53, p27
kip1

, and p21
Waf/cip

. A 

representative immunoblot from at least three independent experiments is shown. B, Cells 

were treated with 10 µM lovastatin for the indicated times, followed by cell cycle 

analysis. The results were quantified as % distribution in apoptosis (Apop), G1/S phase, 

and G2/M phases. C, Cells were treated without or with lovastatin were exposed to 0 or 

8Gy IR. Cell cycle analysis was performed 48h later.  
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Figure 3.6: Lovastatin induces cancer cell apoptosis. A, Cells were pre-treated with or 

without lovastatin prior to exposure to 8Gy ionizing radiation (IR) and were lysed at the 

indicated times after radiation (24 – 72 hours). Cleaved caspase 3 induction was analyzed 

by immnoblotting. B, After treatment with lovastatin (10µM) for the indicated times, cells 

were fixed and stained with Hoechst, and the nuclear morphology was analyzed with 

fluorescence microscopy. A representative, from three independent experiments is shown. 

C, Nuclear fragmentation was quantitated in three independent experiments as described 

in the Methods sections. Results are normalized to control untreated cells (0 time with 

lovastatin). 
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Figure 3.7: Model of lovastatin

Stimulation of epidermal growth factor receptor (EGFR) signalling and activation of Erk 

and Akt stimulate proliferation and induce radiation resistance in lung cancer cells. 

Lovastatin inhibits Akt and stimulates activation of AMPK leading to apoptosis and 

radiation sensitization. IR = ionizing radiation. 
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Model of lovastatin-induced sensitization of lung cancer cells to radiation.

of epidermal growth factor receptor (EGFR) signalling and activation of Erk 

and Akt stimulate proliferation and induce radiation resistance in lung cancer cells. 

Lovastatin inhibits Akt and stimulates activation of AMPK leading to apoptosis and 

n sensitization. IR = ionizing radiation.  

 

 

induced sensitization of lung cancer cells to radiation. A, 

of epidermal growth factor receptor (EGFR) signalling and activation of Erk 

and Akt stimulate proliferation and induce radiation resistance in lung cancer cells. B, 

Lovastatin inhibits Akt and stimulates activation of AMPK leading to apoptosis and 



Ph.D. Thesis – Toran Sanli – McMaster University – Medical Sciences 

 

136 

 

Supporting Experiments 

 Initially, I examined the effect of lovastatin on the cell survival of both A549 and 

SK-MES-1 lung cancer cells. However, due to space limitation I focused the efforts of 

this paper on the more radiation-resistant A549 cells. The affect of lovastatin on SK-

MES-1 cell survival alone and in combination with radiation are shown in Figure 3.S1.  

 In addition, a reviewer requested that our lab examine the action of different 

statins on the clonogenic survival of A549 cells treated with the drug alone on in 

combination with radiation. Figure 3.S2 demonstrates that simvastatin has a similar, if not 

more potent effect, to block A549 cell proliferation when compared to lovastatin.  

  

  



Ph.D. Thesis – Toran Sanli 

 

Figure 3.S1: Lovastatin inhibits SK

cells to ionizing radiation.

concentrations of lovastatin and subjected to clonogenic assays. Results from 4

independent experiments were normalized to the controls and are shown as the mean ± 

SE. * = P<0.05 compared to untreated cells, ** = P<0.01 compared to untreated cells 

Cells were subjected to increasing doses 

lovastatin and subjected to clonogenic assays. The results were normalized to the controls 

and fitted to the linear quadratic equation using Graphpad Prism 5 software. Values are 
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Lovastatin inhibits SK-MES cell clonogenic survival and sensitizes these 

cells to ionizing radiation. A, SK-MES cells were treated with the indicated 

concentrations of lovastatin and subjected to clonogenic assays. Results from 4

experiments were normalized to the controls and are shown as the mean ± 

SE. * = P<0.05 compared to untreated cells, ** = P<0.01 compared to untreated cells 

Cells were subjected to increasing doses of IR after incubation without 

nd subjected to clonogenic assays. The results were normalized to the controls 

and fitted to the linear quadratic equation using Graphpad Prism 5 software. Values are 

 

 

MES cell clonogenic survival and sensitizes these 

MES cells were treated with the indicated 

concentrations of lovastatin and subjected to clonogenic assays. Results from 4-6 

experiments were normalized to the controls and are shown as the mean ± 

SE. * = P<0.05 compared to untreated cells, ** = P<0.01 compared to untreated cells B, 

of IR after incubation without (0) or with 

nd subjected to clonogenic assays. The results were normalized to the controls 

and fitted to the linear quadratic equation using Graphpad Prism 5 software. Values are 
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expressed as the mean ± SE from 5 independent experiments. * = P<0.05 compared to 

radiation treatment alone.  

 

 

Figure 3.S2:  Simvastatin inhibits A549 cell clonogenic survival and sensitizes these 

cells to ionizing radiation. A549 cells were pre-incubated with the indicated 

concentrations of simvastatin for 24 hours before exposure to 0-2Gy IR. Results from 2-3 

independent experiments were normalized to the controls and are shown as the mean ± 

SE.  
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Chapter 4: Ionizing Radiation Regulates AMPK Expression in 

Cancer Cells 

This chapter contains an author generated version of the paper “Ionizing radiation 

regulates the expression of AMP-activated protein kinase (AMPK) in epithelial cancer 

cells. Modulation of cellular signals regulating cell cycle and survival.” This manuscript 

has been accepted into Radiotherapy and Oncology in December 2011. 

For this paper, I performed all the cell culture and western blotting for the various 

normal and cancer lung, prostate, and breast cancer cell lines. In addition, I carried out the 

immunoflourescence, cell cycle analysis, and survival experiments in the wildtype mouse 

embryo fibroblast (WT MEFs) and AMPKα1/α2 knockout MEFs (AMPKα
-/-

-MEFs). The 

western blotting (including quantitation of the blots) and statistical analysis for the MEF 

experiments were conducted by Yaryna Storozhuk, and the real-time PCR experiments 

were carried out by Dr. Katja Linher-Melville. The writing of this manuscript was done 

collaboratively between myself and Dr. Theodoros Tsakiridis. However, helpful 

comments and suggestions were also provided by all listed authors for this paper. 

Context and Background Information 

 To expand upon or initial observations that IR regulates AMPK activity (Chapter 

2), in this paper I addressed if IR is also capable of modulating the long-term subunit 

expression of this enzyme. Specifically, I investigated which subunits of AMPK are 

expressed in normal and cancer cells of lung, prostate, and breast origin, and which 

subunits are affected by IR exposure (24-48h post 8Gy IR). In addition, I employed the 

use of mouse embryonic fibroblast (MEFs) derived from knockout mice that lack 
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AMPKα1/2 (generated from Dr. Benoit Viollet’s lab) to examine the impact of AMPK 

signalling on pathways that regulate cell cycle and survival in response to IR.  

 I initiated this study by probing an array of lung (A549, H1299, SKMES, and 

H23), prostate (PC3 and 22RV1), and breast (MDA-MB-231 and MCF7) cancer cell 

lines, as well as their respective normal tissues (MRC5-lung, PNT1A-prostate, and 

184B5-breast) for the protein expression of each AMPK subunit. It should be noted that 

the expression of various AMPK subunit isoforms may be tissue specific. For example, 

AMPKγ3 is restricted to skeletal muscle (Steinberg & Kemp, 2009), and was not 

examined in this study. All of these cell lines showed detectable levels of each AMPK 

subunit (α1, α2, β1, β2, γ1, γ2) with the exception of AMPKα2 in breast cancer cells. I 

then examined if IR could modulate the mRNA and protein levels of AMPK in A549 

lung cancer cells. Indeed, 24-48h following a single fraction of 8Gy IR the 

phosphorylation of AMPK, as well as the protein and mRNA expression of AMPK was 

enhanced (with the exception of the AMPKγ2 subunit).   

 I then utilized AMPKα1/2 (AMPK-/-) MEFs as a model that lacks functional 

AMPK to address its role on molecular pathways that are triggered by IR, and are 

involved in cell cycle and survival. To confirm that these cells are truly deficient in 

AMPK, I first measured AMPK phosphorylation and AMPKα expression in wildtype 

(Wt) and AMPK-/- MEFs. Compared to Wt MEFs, the AMPK-/- cells completely lacked 

protein expression of AMPK, as well as phosphorylation of its downstream target Acetyl 

CoA Carboxylase (ACC). This set of experiments confirmed that these AMPK-/- MEFs 

obtained from Dr. Viollet’s lab were indeed devoid of AMPKα1/2 expression.  
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Since our lab has previously implicated AMPK as part of an ATM-p53 signalling 

axis that response to IR, I then examined in AMPK-/- MEFs the ATM pathway at the 

basal level and in response to 8Gy IR. Interestingly, compared to Wt MEFs, the AMPK-/- 

cells showed significant increases in total ATM protein levels, as well as enhanced 

phosphorylation (P-) of its downstream substrates Chk2 and γH2Ax. In addition, Wt 

MEFs showed an expected increase in their levels of ATM, P-Chk2, and γH2Ax in 

response to 8Gy IR, but the AMPK-/- MEFs showed the opposite, having a reduced 

response by IR. A similar trend was observed when I performed immunofluorescent 

microscopy on MEF cells labeled with an antibody against γH2Ax, where Wt MEFs 

exhibited increased γH2Ax foci in response to IR and AMPK-/- MEFs had decreased 

γH2Ax foci upon IR treatment.  

As mentioned in the last paper (Chapter 3) the Akt-mTOR pathway can contribute 

to radiation resistance and proliferation in cancer cells. Using the AMPK-/- MEFs, I 

investigated how this pathway is affected at the basal level and in response to IR without 

functional AMPK. As expected, the activity of Akt and mTOR was enhanced in the 

absence of AMPK (measured by Akt and 4EBP1 protein phosphorylation). In addition, 

compared to Wt MEFs, IR did not further potentiate the activation of the Akt-mTOR 

pathway in MEFs that lack AMPK. These results coupled with the observation made on 

the ATM pathway in AMPK-/- MEFs suggest that AMPK may mediate an oppressive 

role on these pathways, or that loss of AMPK triggers DNA damage and survival 

responses (such as increased ROS) that upregulated the ATM-mTOR axis. In addition, 

AMPK also appears to be required for the normal response of these molecules to IR. 
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The role of AMPK in modulating signals that regulate cell cycle and survival was 

also evaluated using the MEF model. Our lab, as well as others (Jones et al., 2005) have 

suggested that AMPK can regulate p53 to induce a stress-activated checkpoint. 

Interestingly, when I probed for p53 and p21 levels in AMPK-/- MEFs, I observed that 

the protein levels of p53 and p21 were elevated compared to Wt MEFs. Furthermore, in 

response to IR the levels of p53 and p21 displayed the opposite effect, having lower 

levels in AMPK-/- MEFs compared to untreated cells. These results were further 

validated when I performed cell cycle analysis on Wt and AMPK-/- MEFs and found that 

MEFs lacking AMPK fail to arrest in the G2/M phase of cell cycle compared to Wt 

MEFs. Moreover, the proliferation rates of AMPK-/- MEFs showed a trend to be slightly 

elevated at the basal state, and in response to IR compared to Wt MEFs.  

Overall, this study has indicated that AMPK is widely expressed in normal and 

cancer cells of lung, prostate, and breast origin, and that IR can enhance its activity and 

expression. Furthermore, using MEFs that lack functional AMPK has helped evaluate its 

role in regulating pathways that modulate cell cycle, survival, and genomic stability at the 

basal state and in response to IR.  
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Abstract 

Purpose: To analyze the i) expression of AMPK in a variety of epithelial cancer cells, ii) 

regulation of AMPK subunit expression by ionizing radiation (IR) and iii) impact of 

AMPK on signaling pathways regulating cell cycle and survival.   

Methods and Materials: Human lung, prostate, and breast normal and cancer cells were 

treated with 0 or 8Gy IR and mRNA and protein levels of AMPK were evaluated by RT-

PCR and immunoblotting 24 or 48h later. Untreated and radiated Wild Type (WT) and 

AMPKα
-/-

 mouse embryonic fibroblasts (MEFs) were analyzed by immunoblotting using 

total- and phosphorylation-specific antibodies. Histone H2Ax was examined by 

fluorescence microscopy. The cell cycle and survival of WT and AMPK-/- MEFs was 

also evaluated following 8Gy IR. 

Results: AMPK subunits were found widely expressed in normal and cancer epithelial 

cells. IR increased subunit protein levels and stimulated gene transcription in cancer cells. 

AMPKα
-/-

-MEFs showed enhanced basal total levels of ATM and phosphorylation of its 

substrates histone H2Ax, but inhibited response of these markers and of checkpoint 

kinase Chk2 phosphorylation to IR. AMPKα
-/-

-MEFs showed increased basal levels of 

p53 and cyclin-dependent kinase inhibitors p21
cip1

, but lack of response of both genes to 

IR. They had increased basal levels and activation of the Akt-mTOR-p70
S6K

/4-EBP1 

signalling pathway. IR increased Akt, p70
S6K

 and 4-EBP1 phosphorylation in WT-MEFs, 

but this was reduced in AMPKα
-/-

-MEFs. AMPKα
-/-

-MEFs failed to arrest at the G2-M 

checkpoint after IR and showed a trend for radio-resistance in proliferation assays.  
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Conclusions: AMPK is widely expressed in human normal and cancer epithelial cells and 

its gene transcription, protein levels, and enzymatic activity is stimulated by IR. Work 

with AMPKα knockout cells suggests that AMPK i) may mediate a suppressive 

regulation on basal expression and activity of ATM and its downstream effector pathways 

Chk2/ p53-p21
cip1

 and Akt-mTOR, ii) facilitates the normal response of these pathways to 

IR and, iii) mediates the IR-induced G2-M checkpoint. 

Introduction 

 Radiotherapy (RT) is a common therapeutic modality for the treatment of 

epithelial tumors of lung, prostate, and breast origin. However, cancer cells of these 

tumors often demonstrate resistance to ionizing radiation (IR), fail to arrest cell cycle to 

repair DNA damage, and continue to proliferate under genotoxic stress [1, 2].  In normal 

cells, IR-induced double strand DNA breaks (DSB)s lead to activation of the kinase 

Ataxia Telengiectasia Mutated (ATM), which responds through auto-phosphorylation and 

activation of DNA repair pathways, including phosphorylation of the histone H2Ax 

(γH2Ax) [3], a signal for recruitment of molecular DNA repair complexes. However, 

ATM regulates multiple other nuclear and cytoplasmic events leading to cell cycle arrest, 

gene expression, cell growth and resistance to cytotoxic agents. ATM stimulates IR-

induced cycle arrest through activation of checkpoint kinases (Chks), p53, and cyclin-

dependent kinase inhibitors (CDKI)s such as p21
cip1 

[2]. In addition, ATM regulates the 

pro-survival and radio-resistance pathway of Akt–mammalian target of rapamycin 

(mTOR), which controls gene transcription and translation and cell survival in response 

to tyrosine kinase receptors stimulation [4]. Akt is regulated by upstream 
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phosphoinositide-dependent kinases (PDKs) such as PDK1 that phosphorylates Akt on 

T308 leading to activation of the enzyme [5]. A second, yet unidentified, PDK2 

phosphorylates Akt on S473, and studies suggested that ATM may function as PDK2 [4]. 

Akt mediates activation of mTOR through i) phosphorylation and inhibition of Tuberous 

Sclerosis Complex 2 (TSC2), which inactivates the GTPase activity of the GTP-binding 

protein Rheb leading to mTOR activation [6] and ii) through phosphorylation of PRAS40, 

a member of the functional mTOR complex mTORC1 [7]. mTORC1 stimulates gene 

translation and survival through phosphorylation-mediated activation of the ribosomal 

p70
S6K

 and phosphorylation-mediated inhibition of the translation initiation inhibitor 4-

EBP1 [5].  

 The serine/threonine kinase AMPK is a key regulator of cellular energy 

homeostasis and carbohydrate and lipid metabolism at times of metabolic stress [8, 9]. 

AMPK functions as a heterotrimeric complex composed of a catalytic α-subunit and 

regulatory β and γ-subunits [9]. Two α(1/2), two β(1/2) and three γ(1/2/3)-subunits have 

been identified in mammalian cells [8]. AMPK subunit genes are localized in separate 

chromosomes and are identified as PRKA A1-2, B1-2, or G1-3 [8].  

AMPK functions downstream of the tumour suppressor liver kinase-B 1 (LKB1), 

that is defective in Peutz-Jegerhs syndrome, which is associated with epithelial cancers 

such as lung and breast [10]. LKB1 phosphorylates AMPK on α-Thr172, an event 

required for its activation [9]. During energy stress AMPK inhibits energy consuming 

anabolic processes such as protein synthesis, cell cycle and proliferation and stimulate 
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substrate uptake and energy generation through processes such as stimulation of glucose 

uptake [8].   

AMPK mediates a metabolic checkpoint on cell cycle through induction of p53 

[11]. Further, this enzyme inhibits mTORC1-stimulated translation through, i) Ser1387 

phosphorylation-mediated activation of TSC2 and ii) phosphorylation of Raptor an 

essential component of mTORC1 [12]. Recently, we suggested that AMPK is activated 

rapidly by IR, in an LKB1-independ manner, and it may be a novel target for radio-

sensitization in human cancers [13]. We observed that AMPK participates in an ATM-

AMPK-p53/p21
cip1

 signalling pathway that facilitates the IR-induced G2-M checkpoint. 

Additionally, we showed that AMPK can be modulated by widely used drugs such as the 

anti-diabetic agent metformin and the anti-cholesterol drug lovastatin, which have radio-

sensitizing properties in lung cancer cells [13, 14].  

Here we, i) analyzed the expression of AMPK subunits in various epithelial 

cancer cells, ii) examined whether IR alters their expression, and iii) investigated further 

the role of AMPK in signaling pathways involved in DNA repair, cell cycle and survival 

using the model of AMPKα
-/-

 MEFs.   

Materials and Methods  

Cells: MRC5 (lung), PNT1A (prostate), and 184B5 (breast) epithelial cells, as well as 

human lung cancer (A549, H23 and SK-MES-1), prostate cancer (PC3 and 22RV1) and 

breast cancer (MCF-7 and MDA-MB-231) cells were from American Tissue Culture 

Collection. The H1299 cells were a kind gift from Dr. Simon Powell (Washington 

University, MO). Wild type (WT) and AMPKα1/α2 knockout
 
mouse embryo fibroblast 
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(AMPKα
-/-

-MEFs), were generated by Dr. Benoit Viollet as previously described [15]. 

Cells were maintained at 37
o
C as previously described [13].  

Antibodies: Rabbit polyclonals against all AMPK subunits, phospho-(Thr
172

)-AMPK, 

phospho-(Ser
79

)-ACC, ATM, phospho-(Ser
139

)-H2Ax (γH2Ax), phospho-(Thr
68

)-Chk2, 

Akt, phospho-(Ser
473

)-Akt, phospho-(Thr
308

)-Akt, mTOR, phospho-(Thr
389

)-p70-S6K, 

phospho-(Thr
37/46

)-4EBP1, and mouse monoclonals against p53, p21
cip1

, and actin were 

from Cell Signaling Technology (Mississauga, ON). Alexa Fluor-488 antibody was from 

Molecular Probes (Burlington, ON).  

Treatments: Cells were exposed to 0 or 8Gy ionizing radiation (IR) using a clinical Linear 

Accelerator radiotherapy unit.  

Immunoblotting: Following treatments cells were washed in PBS, lysed. Twenty µg of 

protein from each sample was subjected to immunoblotting as previously described [13]. 

Microscopy: Cells were fixed, immune-labeled with anti-γH2Ax antibody and imaged 

using a 40x wide-field microscope as previously described [13].  

Real Time PCR. Total RNA was extracted from cells, cDNA was prepared, and real time 

PCR was carried out as described previously [16]. The following primer pairs were based 

on PrimerBank (Harvard Medical School) IDs: AMPKα1 (15214987a1), AMPKα2 

(157909838b2), AMPKβ2 (4885561a3), and AMPKγ2 (33186925a3). Primers for 

AMPKβ1 correspond to FOR: 5’-GCATGGTGGCCATAAGACG-3’ and REV: 5’-

GCGGGAGCTTTATCATTCAC-3’ and for AMPKγ1 to FOR: 5’-

CATCCTCAAGAGACCCCAGA-3’ and REV: 5’-CACCGTTAGTCACCAAAGCA-3’. 

Primers used to amplify the RPII housekeeping gene were reported previously [16].   
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Cell Cycle Analysis: Twenty four hours after seeding cells were treated with or without 

IR (8Gy). After 48h, cells were fixed with ethanol and incubated with propidium iodide. 

Cell cycle analysis was conducted as previously described [13]. 

Cell Proliferation Assay: Five thousand cells were plated onto a 6-well plated and treated 

with IR 24h later. The plates were allowed to proliferate for an additional 72h before 

being fixed with 10% formalin and stained with crystal violet solution (0.1% crystal 

violet in 25% methanol). The cells were then washed and solubilized with 0.05M 

NaH2PO4 (in 50% ethanol) before being analyzed on a BioTech multiplate reader 

(Winooski, VT).  

Statistical Analysis. Unpaired T-test was performed to analyze the results using SPSS 

software. Results are presented as mean ± SE. Statistical significance was determined at 

P<0.05(*). 

Results 

AMPK subunit expression in normal and cancer cell lines.  

 We analyzed first the protein expression of each AMPK isoform in lung (A549, 

H1299 and H23: adenocarcinoma, SKMES: squamous cell carcinoma), prostate (PC3: 

hormone-insensitive and 22Rv1:hormone-sensitive), and breast (MB231: ER-negative 

and MCF7: ER-positive) cancer cells, as well as in normal lung (MRC5), prostate 

(PNT1A), and breast (184B5) epithelial cells (Fig. 1). The AMPKγ3 isoform is restricted 

to skeletal muscle cells [8], and was not investigated in this study.  

 All cell lines showed detectable levels of AMPK subunits (Fig. 1). Compared to 

normal epithelial (MRC5), lung cancer cells showed similar protein levels of α1 subunit 
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but A549, H1299 and SK-MES cells had increased levels of the α2 catalytic subunit. 

Prostate cancer cells showed higher levels of both α1/2 subunits compared to normal 

prostate epithelial line (PNT1A). Conversely, breast normal and cancer cell lines 

appeared to express α1 but lack the α2 subunit (Fig. 1). The regulatory β1/2 subunits of 

AMPK were not highly expressed in lung cancer cells compared to normal epithelial, 

except in H1299 cells, but were found elevated in prostate and breast cancer lines 

compared to their normal counterparts (Fig. 1). Finally, we detected similar expression of 

the regulatory γ-subunits (γ1/2) of AMPK in both normal and cancer cell lines with the 

exception that γ2 was not detected in 184B5 normal breast epithelial cells (Fig. 1).  

IR enhances AMPK subunit expression: 

 We examined the effects of IR on AMPK subunit expression in A549 cells (Fig. 

2). Twenty four hours following a single fraction of 8Gy IR we observed increased 

protein levels of each AMPK subunit and they were significantly higher at 48h (Fig. 2a). 

These findings correlated with increased subunit mRNA expression that was most 

significant at 48h (Fig. 2b). All AMPK subunits showed a statistically significant 

response to IR with increased mRNA levels except γ2.  

Role of AMPK in propagation of IR signaling events. 

 We utilized AMPKα
-/-

-MEFs as a model lacking AMPK to examine the impact of 

this enzyme on molecular pathways involved in cell cycle control and survival (Fig. 3). 

Compared to WT-MEFs, AMPKα
-/-

-MEFs showed complete lack of phosphorylation of 

Acetyl CoA Carboxylase (P-ACC) at basal levels, indicating lack of AMPK activity 

consistent with the absence of total- and P-AMPK (Fig. 3a). WT-MEFs responded rapidly 
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to IR (8Gy) with increased phosphorylation of AMPK and ACC and a small increase in 

total AMPK levels, within 1h after IR, but this was effectively abolished in AMPKα
-/-

-

MEFs that lack AMPKα (Fig. 3a).  

AMPK involvement in ATM signal transduction. 

 We showed earlier that IR activation of AMPK takes place downstream of ATM 

[13] and recent reports suggest involvement of AMPK in mitosis and genomic stability 

[17]. For that, we examined in AMPKα
-/-

-MEFs ATM signaling pathway, including ATM 

and its downstream targets Chk2 and histone H2Ax (γH2Ax), representing ATM activity. 

Surprisingly, AMPKα
-/-

-MEFs showed significantly increased total ATM protein levels as 

well as γH2AX compared to WT-MEFs (Fig. 3a). Furthermore, IR alone enhanced 

acutely the levels of ATM, phosphorylated Chk2, and γH2AX in WT-MEFs but, 

importantly, all those events were inhibited in AMPKα
-/-

-MEFs (Fig. 3a). Results from 3 

independent experiments were quantitated and are summarized in Figure 3b. The γH2AX 

immunoblotting results were verified with immunofluorescence microscopy, which also 

showed enhanced γH2AX foci in untreated AMPKα
-/-

-MEFs, increased foci in WT-MEFs 

after IR but a reduced response in AMPKα
-/-

-MEFs (Fig. 3c).  

Survival signals: AMPKα
-/-

-MEFs showed increased total protein levels of Akt and 

mTOR. In addition, lack of AMPK resulted in increased phosphorylation of Ser473 on 

Akt but not T308 (Fig. 4a). Increased mTOR levels in AMPKα
-/-

-MEFs were associated 

with significantly elevated phosphorylation of p70
S6k

 and 4-EBP1, indicating a 

generalized stimulation of this pathway leading to protein synthesis and survival when 

AMPK is absent (Fig. 4a). Furthermore, 8Gy IR increased significantly the 
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phosphorylation levels of Akt (T308), p70
S6k

 and 4-EBP1 in WT MEFs but, apart from 

Akt (T308), IR did not enhance significantly further the already enhanced activation of 

this pathway in AMPKα
-/-

-MEFs (Fig. 4a). Figure 4c shows quantitated immunoblotting 

results from 3-4 independent experiments.  

Signals regulating cell cycle: We and others have suggested that p53 functions 

downstream of AMPK [11, 13]. Surprisingly, we observed that lack of AMPK catalytic 

activity in AMPKα
-/-

-MEFs was associated with increased total p53 and
 
p21

cip1 
levels 

compared to WT-MEFs (Fig. 4b). WT-MEFs exhibited an increase of their levels of p53 

and
 
p21

cip1 
in response to 8Gy IR (Fig. 4b). However, AMPKα

-/-
-MEFs failed to respond 

to IR and showed if anything a trend for reduced levels of p53 and
 
p21

cip1 
after IR (Fig. 

4b). The results of three independent experiments were quantitated in Fig. 4c. 

AMPK involvement in cell cycle regulation and survival. 

 We have previously implicated AMPK in the IR-induced G2-M checkpoint in 

lung cancer cells using AMPK knockdown with specific anti-AMPKα1/2 subunit siRNAs 

[13]. To verify these results in cells lacking AMPK, we analyzed cell cycle distribution in 

WT and AMPKα
-/-

-MEFs before or 48 h after IR of 8Gy (Fig. 5a-b). WT-MEFs 

demonstrated a shift in cells from G1/S to G2/M in response to IR (G1/S: 82% and G2/M: 

18% for untreated vs G1/S: 62% and G2/M: 38% for 8Gy treated cells) (Fig. 5a-b). 

Conversely, AMPKα
-/-

-MEFs cells did not exhibit a detectable change in cell cycle 

distribution in response to IR (G1/S: 77% and G2/M: 23% for untreated, vs. G1/S: 78% 

and G2/M: 22% for 8Gy, Fig. 5a-b). These findings are consistent with our earlier work 
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[13] and the results of Figures 3a-b and 4b-c, indicating lack of induction of p53 and 

p21
cip1

 in AMPKα
-/-

-MEFs after IR. 

Our earlier findings [13] and those of Figures 3 and 4, suggested that AMPK can 

suppress survival and that its absence may mediate radiation resistance. We compared the 

proliferation rates of WT and AMPKα
-/-

-MEFs at their basal state and after IR (Fig. 5c). 

AMPKα
-/-

-MEFs showed i) a tendency to proliferate at a slightly increased rate compared 

to WT-MEFs (100% WT vs. 105% AMPKα
-/-

) and ii) a partial resistance to IR (2 and 

8Gy), which, however, did not reach statistical significance in these experiments (15% 

increased over the control after 2Gy IR and 8% after 8Gy) (Fig. 5c).   

Discussion  

 Our earlier work with lung cancer cells suggested that AMPK may be a sensor of 

not only metabolic but also genomic stress [13]. This indicated the importance of AMPK 

and highlighted the need to understand better its expression patterns and its role in signal 

transduction in radiated cells.  

AMPK gene expression in tumour cells. 

AMPK is ubiquitously expressed in mammalian cells, but the expression of each 

subunit isoform (α1/2, β1/2, and γ1-3) is tissue-specific [8, 9]. In this study we analyzed 

eight different human epithelial tumour and three non-tumour cell lines of lung, prostate 

and breast origin. With the exception of AMPKα2 in breast cancer cells and AMPKγ3 

(not examined here), we observed detectable protein levels of all subunits in both normal 

and cancer cell lines (Fig. 1). The expression of β1/2 subunits differed between normal 

epithelial and cancer cell lines representing each tissue, but the trend was reversed in lung 
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vs. breast and prostate cell lines, having lower vs. higher levels in cancer cell lines 

compared to normal cells, respectively. Currently, the significance of these differences 

remains unclear and warrants further investigation. 

Regulation of AMPK gene expression by IR. 

 Regulation of AMPK subunit expression has been investigated in animal tissues 

[8] but studies in human tissues, particularly in human tumour cells, are limited. In this 

study we observed that 24-48h following a single dose of 8Gy, IR elevated AMPK 

subunit protein levels in lung cancer cells (Fig. 2a). In addition, we have also observed 

that IR is capable of increasing the AMPK subunit protein levels of breast cancer cells 

(supplemental Fig. s1), indicating that this phenomenon may be a universal response to 

IR. Furthermore, PCR analysis demonstrated an induction of AMPK mRNA expression 

within 24-48h following IR (Fig. 2b), suggesting that in cancer cells, AMPK gene 

expression is regulated not only at the translational but also at the transcriptional level.  

The specific molecular mechanisms that regulate AMPK gene expression have not 

been elucidated. Feng et al (2007) [18] suggested that IR stimulates AMPKβ1/2 gene 

expression in HCT116 and H1299 cells in a p53-dependent manner. They related this 

effect of IR to the presence of putative p53 consensus binding sites on the AMPKβ1 and 

β2 promoters. In contrast to our findings, they did not detect enhancement of AMPKα or 

AMPKγ subunit transcription [18]. This discrepancy may be related to the different 

cancer cell lines used and the time points investigated (24h vs 48h in our study). In our 

study induction of α1/2 and γ1 gene expression by IR became more obvious 48h after IR 

delivery (Fig. 2). It has been shown that the p53-dependent cellular stress sensors 
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sestrin1/2 interacts directly with AMPK and regulates its activity under genotoxic 

challenges [19]. Furthermore, IR was shown to stimulate Sestrin2 expression [20].  Early 

results from our laboratory suggest that IR increases significantly the sestrin2 protein 

levels in lung and breast cancer cell lines (supplemental Fig. s2). In ongoing studies we 

are investigating the role of sestrin2 in IR-induced AMPK expression and activity. 

Role of AMPK in signal transduction. 

Lack of AMPK deregulates ATM signal transduction.  

It was intriguing to observe in AMPKα
-/-

-MEFs a significant enhancement of 

basal ATM protein levels that was associated with stimulation of its activity seen as 

increased γH2Ax, detected by both immunoblotting and fluorescence microscopy (Fig. 

3). These findings suggest that AMPK may not be a mere effector of ATM-induced signal 

transduction, but also regulator of basal ATM expression and activity. Lack of AMPK 

may either deregulate basal ATM activity leading to phosphorylation of H2Ax in the 

absence of DNA damage, or alternatively induce a state of genomic instability leading to 

DNA breaks in untreated cells. This latter scenario would implicate AMPK in 

carcinogenesis and it should be investigated carefully in the near future. Furthermore, the 

mechanism of regulation of ATM expression and activity by AMPK needs to be explored 

in future studies. 

In response to 8Gy IR, WT-MEFs showed the well-established stimulation in the 

ATM/γH2Ax/Chk2 cascade (Fig. 3). However, AMPKα
-/-

-MEFs showed decreased 

activity of this pathway upon IR treatment, decreased induction of γH2Ax and inhibited 

Chk2 phosphorylation (Fig. 3). This compromised response of ATM to IR appears to 
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have implications in signal transduction to downstream effectors of ATM such as p53 and 

Akt-mTOR, discussed below. Our observation suggests that AMPK may exert control 

over basal ATM activity and support normal propagation of ATM signaling after IR.   

Lack of AMPK leads to activation of Akt – mTOR pathway.   

Similar to other studies [21], we observed enhanced phosphorylation levels of 

mTOR and 4-EBP1 in AMPKα
-/-

-MEFs (Fig. 4a), which is attributed to the absence of 

inhibitory effects of AMPK on mTOR in those cells [21, 22]. Here, we have detected 

significantly higher levels of total Akt and mTOR and enhanced S473-Akt 

phosphorylation in AMPKα
-/-

-MEFs indicating an overall stimulation of Akt-mTOR 

signaling pathway in cells lacking AMPK. These observations are novel. However, the 

concept of reciprocal regulation of the AMPK and the Akt pathways in cells has been 

described earlier in neuronal tissues in response to AMPK activating agents [23]. 

Enhancement of ATM signaling (Fig. 3) may provide a mechanism for the increased 

activity of the Akt/mTOR pathway seen in AMPKα
-/-

-MEFs. Consistent with the 

proposed function of ATM as PDK2 [4], we observed that enhanced ATM activity in 

untreated AMPKα
-/-

-MEFs was associated with enhanced S473-Akt phosphorylation but 

not Akt-T308. Enhanced ATM activity in AMPKα
-/-

-MEFs may indeed regulate Akt 

through S473 phosphorylation.  

The responses of the two key targets of mTOR and regulators of gene translation 

4-EBP1 and p70
S6k

, were consistent with the overall behavior of the Akt-mTOR pathway 

and levels of Akt-S473 phosphorylation. Phosphorylation of 4-EBP1 and p70
S6k

 was 

significantly increased in untreated AMPKα
-/-

-MEFs which, unlike wild type MEFs, 
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showed only a small, non-significant, response to IR, reflecting the poor overall 

responsiveness of this pathway to IR in absence of AMPK activity. 

Regulation of the p53-p21
cip1 

pathway, cell cycle and survival.  

Since we previously observed that AMPK induces the expression of p53 and 

p21
cip1 

[13], we hypothesized that AMPKα
-/-

-MEFs cells would show defective levels of 

these molecules. However, the expression of p53 and p21
cip1 

were increased compared to 

WT-MEFs, although the latter was not statistically significant
 
(Fig. 4b). Since AMPK and 

p53 positively regulate each other under metabolic stress [11, 19], it is possible that loss 

of AMPK in the MEF model initiates feedback loops of expression and activation of p53 

as a means to control cycle progression. The induction of p53 expression may be the 

result of enhanced ATM expression and activity that may regulate p53 in an AMPK-

independent manner. Furthermore, studies [24] suggested a role of Akt (which we found 

upregulated in AMPKα
-/-

-MEFs) in stabilization of p53. 

Importantly, we did not observed enhanced p53 and p21
cip1

 levels after IR in 

AMPKα
-/-

-MEFs (Fig. 4b). This is consistent with our observations in cancer cells that 

AMPK acts as transducer of IR signals to regulate expression of p53 and p21
cip1

. 

Furthermore, the results of figure 5a-b consolidate our earlier observations in cancer cells 

that AMPK participates in the mediation of IR-induced G2-M checkpoint [13].  

Unlike our observations in cancer cells [13], we could not show strong evidence 

of a role of AMPK in radiation sensitivity in the AMPKα
-/-

-MEF model. We observed 

only a trend but not a statistically significant resistance to IR in AMPKα
-/-

-MEFs grown 

in standard growth media (Fig. 5c and supplemental Fig. s3). AMPK is known to 
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stimulate autophagy in cells under energy stress and autophagy has been proposed to 

support cell survival and resistance to IR [25, 26]. We have observed detectable levels of 

the autophagy marker LC3 in untreated wild type MEFs, low levels in AMPKα
-/-

-MEFs 

and general lack of response of this marker to IR in both cell types (see supplemental Fig. 

s4). Very recently, Zannella et al [27] suggested that under conditions of no- or low-

glucose (0 or 1 mM) AMPKα
-/-

-MEFs are more sensitive to IR but they detected no such 

effect on clonogenic survival in AMPKα
-/-

-MEFs grown in standard growth media. 

Overall, we believe that, although AMPK may influence cell survival through autophagy 

in cells under energy stress, the main effect of this enzyme in cancer cells is likely 

different, promoting an anti-proliferative action. Although MEFs are useful models to 

study signal transduction, we think that they are inappropriate models to draw 

conclusions for the response of cancer cells to cytotoxic therapies. 

Conclusions 

 The present study showed that AMPK subunits are widely expressed in human 

epithelial cancer cells. IR stimulates expression of AMPK subunit genes and enhances its 

protein levels. AMPK appears to participate in signaling events that regulate basal ATM 

activity and response to IR. Loss of AMPK leads to deregulation of ATM activity, 

abnormal stimulation of the Akt-mTOR-p70
S6k

/4-EBP1, and p53-p21
cip1 

pathways, lack 

of normal response of these key enzymes to IR and the loss of the IR-induced G2-M 

checkpoint. Overall, this work supports further in-depth investigation of AMPK as a 

target for radio-sensitization of cancer cells and potential involvement of this molecule in 

genomic stability.  
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Figures: 

 

Figure 4.1: AMPK subunit expression in human lung, prostate and breast normal and 

cancer cell lines. The indicated cell lines were lysed and subject to immunoblotting with 

the indicated AMPK subunit or actin antibodies. A representative immunoblot from 3 

independent experiments is shown.  
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Figure 4.2: IR increases AMPK subunit expression in lung cancer cells. A549 lung 

cancer cells were treated with or without a single dose of 8Gy IR and lysed after the 

indicated times. (a) Immunoblotting was performed with the indicated phospho and total 

AMPK antibodies. A representative immunoblot from 3 independent experiments is 

shown. (b) Real time PCR was performed with the indicated AMPK subunit primers. The 

results are presented as the mean ± SE of 2-3 independent experiments (* = P<0.05, ** = 

P<0.01).  
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Figure 4.3: Involvement of AMPK in the pathway of DNA repair. (a) Wildtype (Wt.) or 

AMPKα
-/-

-MEFs (AMPK-/-) were lysed in lysis buffer and subjected to western blotting 

with antibodies against the AMPK and ATM pathway. (b) The densitometry of untreated 

or IR-treated MEF cells in (a) were quantitated and presented as the mean ± SE of 3 

independent experiments. (c) MEF cells were immunostained with γH2AX and images 

were obtained from a widefield fluorescent microscope. A representative section from 

each sample is shown.  
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Figure 4.4: Downstream targets of AMPK. Wildtype (Wt.) or AMPKα
-/-

-MEFs (AMPK-

/-) were lysed in lysis buffer and subjected to western blotting with the indicated 

antibodies against the (a) Akt/mTOR pathway, as well as the (b) p53/p21
cip1

 pathway. A 

representative immunoblot from 3 independent experiments is shown. (c) The 

densitometry of the MEF cells in (a, b) and were quantitated and presented as the mean ± 

SE of 3 independent experiments.  
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Figure 4.5: Cell cycle regulation and survival in the absence of AMPK. (a) Wildtype 

(Wt) or AMPKα
-/-

-MEFs (AMPK-/-) were treated with or without a dose of 8Gy IR and 

fixed in ethanol 48h later. These cells were then stained with propidium iodide and 

subjected to cell cycle analysis. (b) The results from the experiments in (a) were 

quantitated and presented as mean ± SE from 3 independent experiments. (c) Wildtype or 

AMPKα
-/-

-MEFs were treated with the indicated dose of IR and allowed to proliferate for 

72h. The cells were then fixed and stained with crystal violet and presented as mean ± SE 

from 3 independent experiments. 
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Supporting Experiments 

 Due to space restriction, some of the experimental data has not been incorporated 

into to final version of the paper. Though, additional experiments for this manuscript 

were conducted and incorporated as supplemental data (Figures 4.S1-4.S4). These 

experiments were carried out to help expand the notion that IR can enhance AMPK 

subunit expression in multiple cancer cell lines, as well as to elucidate the mechanism by 

which IR facilitates this effect. In addition, subsequent MEF experiments were conducted 

to further address the ability of AMPKα-/- MEFs to exhibit radiation resistance. 
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Figure 4.S1: IR enhances AMPK expression in breast cancer cells. MCF7 or MDA-MB-

321 cells were treated with or without 8Gy IR and subjected to western blotting with the 

indicated antibodies. A representative immunoblot from 3 independent experiments is 

shown. 
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Figure 4.S2: SESN2 is enhanced by IR in lung and breast cancer cells. The indicated cell 

lines were treated with or without 8Gy IR and subjected to western blotting with an 

antibody against sestrin2 (SESN2). A representative immunoblot from 3 independent 

experiments is shown. 
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Figure 4.S3: AMPK expression modulates IR-mediate cell survival. Wildtype or 

AMPKα
-/-

-MEFs (AMPK-/-) were treated with the indicated dose of IR and allowed to 

proliferate for 72h. The cells were then fixed and stained with crystal violet. A 

representative image from 3 independent experiments is shown.  
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Figure 4.S4:  Role of AMPK in Autophagy. MEFs were treated with or without 8Gy IR 

and fixed 24h later. (a) The cells were then labeled with LC3 antibody (red) or DAPI 

(blue) and imaged at 40x. (b) MEF cells were treated with or without 8Gy IR and lysed 

24h later. These samples were then subjected to western blotting with an antibody against 

LC3. A representative immunoblot from 3 independent experiments is shown. 
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Chapter 5: Sestrin2 Modulates AMPK Activity and Expression 

This chapter contains an author created version of the manuscript “Sestrin2 

modulates AMPK subunit expression and its response to ionizing radiation in breast 

cancer cells.” This manuscript has been accepted into PLoS ONE in January 2012. 

For this paper I conducted all of the experiments, generated the figures, and wrote 

the manuscript. Dr. Katja Linher-Melville generated the Sestrin2 Flag-tagged 

overexpression vector (Sesn2F), and aided in transfecting the MCF7 breast cancer cells 

with this construct. Supportive suggestions for writing the paper were provided by Dr. 

Katja Linher-Melville, Dr. Theodoros Tsakiridis, and Dr. Gurmit Singh.  

Context and Background Information 

 Recently, the family of stress-activated proteins, known as sestrins (SESN1-3), 

was shown to regulate many important aspects of cell signalling and survival in response 

to genotoxic agents (Budanov et al., 2010). Lately, my interest in these proteins was 

piqued when two of the SESN2 members (SESN1/2) were reported to be enhanced by IR, 

as well as regulate AMPK activity. Based on these observations I initially hypothesized 

that these SESN family members may also regulate AMPK subunit expression in 

response to IR. Thus, I conducted experiments to address the ability of SESN1/2 to 

regulate AMPK expression and activity alone and in response to IR in breast cancer cells. 

However, it should be noted that the focus of this paper was on SESN2, since it was the 

most widely studied of the SESNs and has also been implicated as a tumour suppressor 

(Budanov et al., 2010). For supporting data on the ability of SESN1 to regulate AMPK 

expression and activity, please see appendix 2. 
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To adequately address the ability of SESN2 to interact with and regulate AMPK 

subunit expression, I first needed to identify the composition of the predominant AMPK 

heterotrimeric complex (consisting of one α, one β, and one γ subunit each) in my 

selected cancer model. MCF7 cells were selected for this study because they are 

commonly used breast cancer cells that are easily transfected with overexpression vectors 

or siRNA silencing constructs. In addition, I also obtained a stably-integrated 

tetracycline-inducible SESN2 system in MCF7 cells (Tet-OFF SESN2 cells) from Dr. 

Michael Karin’s laboratory at the University of California for this study. 

To elucidate the most prominent AMPK heterotrimeric complex in MCF7 cells, I 

performed serial immunoprecipitations (IPs) with antibodies against each AMPK subunit 

(α1, α2, β1, β2, γ1, γ2, γ3). These antibodies were purchased as part of an AMPK subunit 

antibody sampler kit from Cell Signalling Technology. However, not all of these 

antibodies were recommended for IP (the α1, or γ-subunit antibodies), and it was very 

difficult to find commercial AMPK antibodies against each subunit for this procedure. 

Nevertheless, these antibodies were good for Western blotting, and based on our results I 

speculated that the major AMPK active complex in MCF7 cells is the α1β1γ1 

heterotrimer. 

I then overexpressed SESN2 into these cells using a SESN2-Flag tagged 

expression vector (Sesn2F), and subsequently immunoprecipitated out total SESN2 

protein using a Flag-specific antibody. Interestingly, I found that when I ran Western 

blots on these IP samples that not only was SESN2 present, but also the AMPKα1β1γ1 

trimer, as well as LKB1. In addition, I also measured AMPK phosphorylation on α-
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Thr172 and β1-Ser108 (a marker of AMPK activity), as well as α1-Ser485 (marker of 

AMPK inhibition) following SESN2 overexpression and observed that enhanced SESN2 

led to an overall upregulation of AMPK activity.  

To identify the sub-cellular localization and interaction between activated AMPK 

and SESN2, I performed immunofluorescence using antibodies against phosphorylated 

(Thr172) AMPK and total SESN2 in MCF7 cells that were transiently transfected with 

Sesn2F. Based on my observations, phosphorylated AMPKα (Thr172) was shown to be in 

close proximity with SESN2 predominantly in the cytoplasm of MCF7 cells.  

I then investigated the ability of SESN2 to modulate the total protein levels of 

LKB1 and AMPK by performing a Sesn2F dose-response in MCF7 cells. Even at very 

low levels of SESN2 overexpression (0.05µg Sesn2F); the total levels of LKB1 and 

AMPK (α1β1γ1) were significantly enhanced. To further confirm these results, I also 

utilized MCF7 Tet-OFF SESN2 cells that have conditional SESN2 overexpression via 

removal of doxycycline (Dox) from their growth medium. Dox removal in the cells for 

24h showed the same trend as Sesn2F overexpression with regards to enhancing LKB1 

and AMPK expression. Moreover, I measured the mRNA levels of LKB1 and 

AMPKα1β1γ1 in this system and found that they were also elevated, suggesting that 

enhanced SESN2 can positively regulate the transcription and protein expression of the 

LKB1-AMPK signalling axis.  

Since my previous work (Chapters 2 and 4) has indicated that AMPK activity and 

expression is enhanced by IR, I sought to examine if SESN2 mediates this effect. To 

achieve this, I utilized siRNA against SESN2 and silenced the expression of SESN2 prior 
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to treating MCF7 cells with a single dose of 8Gy IR. Indeed, pretreatment of MCF7 with 

SESN2 siRNA attenuated the ability of IR to enhance AMPK phosphorylation and 

expression, indicating that SESN2 is required for radiation-induced AMPK modulation.  

Since IR is also known to stimulate pathways of pro-survival (including Akt and 

mTOR), I then addressed if SESN2 overexpression could block the IR-induced increase 

in Akt-mTOR signalling, as well as act as a radiation sensitizer in MCF7 cells. Enhanced 

SESN2 had a tendency to inhibit Akt and mTOR activity alone, as well as to attenuate 

any effect of 8Gy IR to increase their activity. In addition, chronic overexpression of 

SESN2 using the Tet-OFF SESN2 system has anti-proliferative effects on MCF7 cells 

alone, as well as having significantly sensitized these cells to radiation. Interestingly, the 

anti-proliferative and radio-sensitizing effects of SESN2 were completely reversed when 

the cells were treated with the AMPK inhibitor compound C, demonstrating that SESN2 

works through the AMPK pathway to modulate cell survival in cancer cells. Taken 

together, it seems likely that SESN2 works synergistically with the AMPK, providing 

sustained activation and expression of this pathway under times of genotoxic stress to 

provide tumour suppression and regulate cell viability.  
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Abstract 

Background: The sestrin family of stress-responsive genes (SESN1-3) are suggested to 

be involved in regulation of metabolism and aging through modulation of the AMPK-

mTOR pathway. AMP-activated protein kinase (AMPK) is an effector of the tumour 

suppressor LKB1, which regulates energy homeostasis, cell polarity, and the cell cycle. 

SESN1/2 can interact directly with AMPK in response to stress to maintain genomic 

integrity and suppress tumorigenesis. Ionizing radiation (IR), a widely used cancer 

therapy, is known to increase sestrin expression, and acutely activate AMPK. However, 

the regulation of AMPK expression by sestrins in response to IR has not been studied in 

depth.  

Methods and Findings: Through immunoprecipitation we observed that SESN2 directly 

interacted with the AMPKα1β1γ1 trimer and its upstream regulator LKB1 in MCF7 

breast cancer cells. SESN2 overexpression was achieved using a Flag-tagged SESN2 

expression vector or a stably-integrated tetracycline-inducible system, which also 

increased AMPKα1 and AMPKβ1 subunit phosphorylation, and co-localized with 

phosphorylated AMPKα-Thr127 in the cytoplasm. Furthermore, enhanced SESN2 

expression increased protein levels of LKB1 and AMPKα1β1γ1, as well as mRNA levels 

of LKB1, AMPKα1, and AMPKβ1. Treatment of MCF7 cells with IR elevated AMPK 

expression and activity, but this effect was attenuated in the presence of SESN2 siRNA. 

In addition, elevated SESN2 inhibited IR-induced mTOR signalling and sensitized MCF7 

cells to IR through an AMPK-dependent mechanism.  
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Conclusions: Our results suggest that in breast cancer cells SESN2 is associated with 

AMPK, it is involved in regulation of basal and IR-induced expression and activation of 

this enzyme, and it mediates sensitization of cancer cells to IR. 

Keywords: Sestrin2, AMPK, ionizing radiation, LKB1, metabolism 

Introduction 

In various malignancies including breast cancer, mitogen activated signals can 

become constitutively activated leading to increased metabolism and genotoxic stress [1]. 

There are various cellular compensatory mechanisms that respond genomic stress, 

including the tumour suppressor p53, which suppresses cell growth and propagation 

through the induction of numerous target genes [2]. Some products of p53 activation that 

are important in mediating stress-signalling include AMP-activated protein kinase 

(AMPK), Tuberous sclerosis 2 (TSC2), and sestrin1/2 (SESN1/2) [3, 4] 

 Sestrins (SESN) are a small family of stress-sensitive genes that are conserved 

across several species including Caenorhabditis elegans, Drosophila melanogaster, and 

mammals [5, 6]. Mammals express 3 different SESN family members characterized as 

SESN1-3. SESN1 and SESN2 were classified as members of the growth arrest and DNA 

damage (GADD) genes family that could regulate cell growth and viability under 

different cellular pressures [7, 8]. SESN3 was identified shortly after SESN2 through in 

silico analysis and was found to be a target of the forkhead transcription factors (FoxO) 

family [9, 10]. SESN also exhibit antioxidant properties and can inhibit intracellular ROS 

through restoration of overoxidized peroxiredoxins, the enzymes involved in sequestering 

H202 [5]. More recently, SESN have been shown to modulate important physiological 
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signalling events that are independent of their redox function [11]. The Drosophila 

ortholog of sestrin (dSESN) is a negative feedback regulator of TOR through AMPK 

regulation, and dSESN deletion from flies leads to the accumulation of age-associated 

pathologies [6]. Conversely, mammalian SESN1/2 was shown to act as a scaffolding 

protein and form an active complex with AMPK and TSC2 to block mTOR signalling in 

response to genotoxic stress [4]. Furthermore, SESN2 also plays a role in the regulation 

of autophagy and exhibits tumour suppressive proprieties [12, 13].  

 AMPK is a heterotrimeric enzyme that is comprised of a catalytic α-subunit, as 

well as β and γ regulator subunits [14]. There are multiple isoforms of each AMPK 

subunit (α1, α2, β1, β2, γ1, γ2, and γ3) that allow for up to 12 different heterotrimeric 

AMPK combinations, each containing one of the α, β, and γ subunits [15]. However, the 

expression of these various AMPK subunits are tissue specific [15, 16]. For example, the 

catalytic AMPKα1 subunit is primarily found in endothelial cells, nerves, and smooth 

muscle [17]. Conversely, the other catalytic AMPKα2 subunit is mainly restricted to 

skeletal muscle and myocardial tissue [17]. AMPK acts as a fuel gauge by maintaining 

the ratio of cellular AMP/ATP. Metabolic stressors such as hypoxia, heat shock, and 

glucose deprivation can also activate AMPK [18, 19], as well as upstream kinases such as 

liver kinase B1 (LKB1). LKB1 is a tumour suppressor that is mutated in Peutz-Jeghers 

syndrome and can regulates AMPK by directly phosphorylating it on its Thr172 residue 

of the catalytic α subunit to increase AMPK activity [15, 20].  

Radiation therapy is a common cancer treatment, and recently our laboratory has 

described that ionizing radiation (IR) can activate AMPK in various cancer cell lines [21]. 
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Exposure to IR causes DNA damage, which in turn activates the kinase ataxia-

telangiectasia mutated (ATM) to facilitate cell cycle arrest through stabilization of p53 

[22]. IR has also been reported to enhanced expression of SESN1/2 [8] and modulate 

protein synthesis [23], all in an attempt to repair DNA damage if possible, or induce 

apoptosis. Here we present evidence that SESN2 not only activates AMPK, but also 

regulates the expression of AMPK subunits. In addition, we show that SESN2 mediates 

IR-induced AMPK expression and facilitates radiosensitization of breast cancer cells.  

Results: 

SESN2 associates with AMPKα1β1γ1 and increases its phosphorylation in MCF7 cells: 

 To examine the effect of SESN2 modulation on AMPK expression and activity, 

we first identified the most prominent AMPK heterotrimeric complex in MCF7 breast 

cancer cells by performing serial immunoprecipitations with antibodies against each 

AMPK subunit (α1-2, β1-2, β2, and γ1-3), followed by immunoblotting (Figure 1A). 

AMPKα1, shown to be the major α-subunit in MCF7 cells [4] was highly associated with 

both AMPKβ1 and AMPKγ1 subunits. Conversely, the α2-subunit of AMPK was not 

detected by western blotting in these cells (Figure 1A). AMPKβ1 and AMPKβ2 are both 

expressed in this cell line, and the β1-subunit shares a stronger affinity with α1 and γ1 

AMPK subunits (Figure 1A). Of the three γ-AMPK subunits, only the γ1 isoform of 

AMPK was detected in MCF7 cells and contributes to the active AMPK heterotrimeric 

complex (Figure 1A). Thus, the main AMPK active complex in MCF7 cells is the α1β1γ1 

heterotrimer.  
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 To assess the potential interaction of SESN2 with the AMPKα1β1γ1 complex, we 

immunoprecipitated SESN2 from MCF7 cells that were transiently transfected with 1µg 

of a SESN2-Flag tagged expression vector (Sesn2F, Figure 1B). In agreement with 

previous studies, we found that SESN2 associates with AMPKα1 [4], as well as AMPKβ1 

and AMPKγ1 subunits (Figure 1B). Since LKB1 is the major upstream kinase for AMPK, 

we examined whether LKB1 associates in a complex with SESN2 and AMPK. Indeed, 

LKB1 was present in immunoprecipitated Sesn2F treated MCF7 lysates (Figure 1B). 

The activation state of AMPK was then evaluated with antibodies that detect 

phosphorylation of AMPK on α-Thr172, α1-Ser485, and β1-Ser108 residues, which are 

markers of AMPK activity (α-Thr172 and β1-Ser108) and inhibition (α1-Ser485) [24]. 

Transfection of MCF7 cells with 1µg of Sesn2F led to a significant increase in AMPKα 

Thr172 and AMPKβ1 Ser108 phosphorylation levels and reduced AMPKα1 Ser485 

phosphorylation, indicating an overall upregulation in the state of AMPK activation 

(Figure 1C-D). 

Subcellular distribution of SESN2 and activated AMPK: 

 Although SESN2 has been described to interact with AMPK, the cellular 

localization of this interaction has not been identified. To address this we utilized 

immunoflourescence microscopy with antibodies against total SESN2 and phosphorylated 

Thr172-AMPKα (P-AMPK) in MCF7 cells (Figure 2A-B). Cells were transfected with 

either empty-Flag vehicle (control), or 1µg Sesn2F for 48h before fixation and labeling 

with the indicated antibodies. In control cells, SESN2 was detected mainly in the 

cytoplasm. On the other hand, phosphorylated AMPKα (P-AMPK) levels were low, 
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showing very faint distributed in both nuclear and cytoplasmic cellular compartments 

(Figure 2A). However, in cells treated with Sesn2F both SESN2 and phosphorylated 

AMPK (P-AMPK) levels were enhanced, with SESN2 remaining largely in the 

cytoplasm. In addition, SESN2 overexpression led to a redistribution of active AMPK 

that shared close proximity with SESN2 in the cytoplasm (Figure 2B).  

SESN2 enhances AMPK subunit expression 

 To explore the effects of SESN2 on AMPK and LKB1 expression, we performed 

a SESN2 dose-response (0.05-1µg Sesn2F) transfection experiment in MCF7 cells to 

identify the optimal SESN2 levels required to modulate AMPK (Figure s1). A dose-

dependent increase in SESN2 expression was achieved by increasing concentrations of 

Sesn2F cDNA (Figure s1A). However, the increase in AMPK subunit and LKB1 

expression did not follow the same pattern, with noticeable effects on protein expression 

achieved at a dose as low as 0.05µg Sesn2F. However, phosphorylation of AMPK and its 

downstream AMPK substrate, Acetyl CoA Carboxylase (P-ACC), a marker of AMPK 

activity, exhibited a dose-response enhancement with increasing concentrations of Sesn2F 

cDNA treatment that was parallel to that of SESN2 expression (Figure s1B).  

 To further validate these findings we utilized MCF7 Tet-OFF SESN2 cells that 

have conditional SESN2 overexpression via removal of doxycyclin (Dox) from their 

growth medium (Figure s1C-D). With the exception of AMPKγ1, we observed significant 

increases in SESN2, LKB1, AMPKα1, AMPKβ1, P-AMPKα (Thr172), and P-ACC levels 

following 24h of Dox removal from the MCF7 Tet-OFF SESN2 media (Figure s1C-D). In 

contrast, SESN2 expression was associated with only a trend for increased AMPKγ1 
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levels that was not statistically significant (Figure s1C-D). In addition, we measured the 

mRNA levels of SESN2, LKB1, and AMPKα1β1γ1 following 24h Dox withdrawal and 

observed a very significant increase in AMPKα1 levels (785 ± 47% fold compared to 

control, P<0.01, Figure s1E). In addition, the mRNA levels of SESN2, LKB1, and 

AMPKβ1 were significantly enhanced (191 ± 23%, 221 ± 35%, and 171 ± 22% fold 

compared to control respectively, P<0.05, Figure s1E).  

SESN2 plays a role in IR-induced AMPK activity/expression:  

We hypothesized that radiation-induced AMPK activity/expression is dependent 

on SESN2. To examine this, we used siRNA against SESN2 in MCF7 cells that were 

treated with 8Gy of IR (Figure 3). SESN2 siRNA was added 48h prior to a single dose of 

8Gy IR. Twenty four hours after IR, the cells were lysed and the protein expression and 

phosphorylation of AMPK was evaluated (Figure 3A-B). SESN2 siRNA alone did not 

significantly affect basal protein levels of AMPK subunits. MCF7 cells exhibited a 

significant increase in SESN2 and AMPK subunit expression 24h after IR (8Gy), as well 

as enhanced AMPKα and ACC phosphorylation (Figure 3A-B). However, the IR-induced 

increase in expression of all main AMPK subunits in MCF7 α1, β1 and γ1 and AMPKα-

T172 phosphorylation was attenuated in cells that were pre-treated with siRNA against 

SESN2 (Figure 3A-B), indicating that SESN2 plays a role in mediating IR-induced 

AMPK regulation.  

Enhanced SESN2 inhibits pro-survival pathways and sensitizes MCF7 cells to IR 

through AMPK: 
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We also examined the effect of SESN2 overexpression, IR, or the combined 

treatment on the activity of the Akt/mTOR survival pathway (Figure 4A-B). MCF7 tet-

OFF SESN2 cells showed increased SENS2 levels after removal of doxycyclin and 

showed a trend for reduced phosphorylation of Akt, mTOR, and the mTOR substrate, 

p70-S6K (Figure 4A-B). Conversely, IR (8Gy) treatment led to a general stimulation of 

the Akt/mTOR pathway, but SESN2 overexpression 24h prior to IR treatment 

significantly inhibited IR-induced activation of the Akt/mTOR signalling (Figure 4A-B). 

To examine whether the effects of SESN2 overexpression and IR treatment, 

leading to inhibition of the Akt signaling pathway, influence cancer cell survival after IR, 

a clonogenic survival assay using radiation doses (0-8Gy) was conducted (Figure 4C). As 

expected, MCF7 cells that were treated with IR alone demonstrated a dose-dependent 

decrease in clonogenic survival. In addition, SESN2 overexpression had significant 

radiosensitizing effects particularly when combined with 4-8Gy IR (Figure 4C). 

Furthermore, to evaluate the role of AMPK in mediating SESN2-induced 

radiosensitization, we treated MCF7 cells with the AMPK chemical inhibitor compound 

C (CC) prior to SESN2 overexpression and exposure to 2Gy IR (Figure 4D). Enhanced 

SESN2 levels and 2Gy IR significantly inhibited MCF7 cell survival alone, and had an 

additive effect when both treatments were combined. On the other hand, CC did not 

significantly affect the survival of MCF7 cells alone, but showed a trend to reduce the 

ability of 2Gy IR to decrease breast cancer cell survival. Interestingly, CC significantly 

attenuated the ability of SESN2 overexpression to reduce cell survival alone and in 

response to IR. 
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Discussion 

 SESN are a family of highly conserved, stress-inducible genes that can defend the 

cell against oxidative damage and oncogenic signalling [4, 25]. Recently, two members of 

this family, SESN1/2, have been found to play an important role in suppressing mTOR in 

response to genotoxic challenge through the regulation of AMPK signalling [4]. In 

addition, SESN2 has been implicated as a tumour suppressor that can inhibit angiogenesis 

and promote autophagy [2], underscoring the importance of elucidating the molecular 

mechanism by which SESN2 regulates pathways of metabolism and suvival. In this study, 

we have focused our efforts on investigating the relationship between SESN2 and its 

interaction with AMPK at the basal level, and in response to IR in breast cancer cells.  

This study has identified that the primary active AMPK heterotrimeric complex in 

MCF7 cells is AMPKα1β1γ1. SESN2 was shown to form a protein complex with 

AMPKα1β1γ1 and LKB1 in MCF7 cells. In addition, we observed that SESN2 

overexpression significantly enhanced the phosphorylation of AMPK on both α-Thr172 

and β-Ser108 residues. SESN2 and LKB1 have been established to enhance α-Thr172 

phosphorylation of AMPK [4, 26]. Conversely, β-Ser108 phosphorylation of AMPK is 

primarily achieved through auto-phosphorylation, and the ability of upstream kinases to 

directly target this site remains elusive [27]. Furthermore, SESN2 overexpression 

opposed AMPKα1-Ser485 phosphorylation, which has been identified as an inhibitory 

residue that blocks subsequent α-Thr172 phosphorylation by LKB1 [24]. Therefore, 

SESN2 may facilitate AMPK phosphorylation through a combination of recruitment of 

LKB1 and increased enzyme auto-phosphorylation.  
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Although the sub-cellular distribution of SESN2 may fluctuate between 

cytoplasmic and nuclear compartments, we observed that SESN2 is mainly localized in 

the cytoplasm of MCF7 cells. On the other hand, the localization of AMPK subunits 

varies dependent on the specific isoform, as well as their response to different stress 

stimuli [28, 29]. As we have observed in the past [21] and currently, there was a faint 

distribution of phosphorylated AMPK in both the nuclear and cytoplasmic compartments 

in unstimulated cells. However, SESN2 overexpression enhanced AMPK phosphorylation 

that was mainly prominent in the cytoplasm. Based on these observations it is likely that 

the majority of SESN2-AMPK interaction occurs within the cytoplasm of MCF7 cells. 

Importantly, we also explored the effect of SESN2 overexpression on the total 

levels of LKB1, AMPK, P-AMPKα, and P-ACC. We observed for the first time that 

enhanced SESN2 expression alone can increase the mRNA and protein expression of the 

AMPK pathway (Figure s1). In particular, SESN2, P-AMPKα, and P-ACC exhibited a 

dose-dependent increase in expression following 0.05-1µg Sesn2F treatment. However, 

the increase in LKB1 and AMPKα1β1γ1 expression in response to Sesn2F did not depict 

a classic dose-response pattern. These results suggest that LKB1/AMPK expression is 

very sensitive to changes in SESN2 levels (0-0.05µg), while the activity of AMPK can be 

enhanced beyond a low concentration of Sesn2F (0.05-1µg) (please refer to Figure s1A-

B).  

Moreover, utilization of MCF7 Tet-OFF SESN2 cells experienced similar 

increases in SESN2 as a low dose of Sesn2F, which also translated into enhanced 

LKB1/AMPK expression levels (Figure s1C-D). These cells also demonstrated significant 
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increases in the mRNA levels of LKB1, AMPKα1, and AMPKβ1 suggesting that SESN2 

may not only stabilize the association of these kinases, but also enhance their 

transcription as well (Figure s1E). The ability of SESN2 to alter gene transcription has 

not been investigated, but it has been speculated that SENS1/2 are part of a positive 

feedback loop that regulates p53 and AMPK expression and activity under times of 

genotoxic stress [4, 30]. For example, p53 is known to regulate SESN2 and AMPKβ1 

gene expression [3, 8], while AMPKα is able to phosphorylate as well as transcriptionally 

regulate p53 in response to stress [31]. The most significant increase in mRNA levels 

with SENS2 overexpression in the AMPK pathway was AMPKα1, which supports the 

notion of AMPKα-mediated phosphorylation and stabilization of p53. In support of this 

notion, we have observed that Sesn2F treatment in MCF7 cells is also capable of 

increasing the phosphorylation and expression levels of p53 (Figure s2). Overall, there is 

a great deal of communication between the SESN2, p53, and the AMPK signalling 

pathway in response to stress stimuli that still requires investigation.   

We have previously showed that 8Gy IR can acutely activate AMPK in multiple 

cancer cell lines [21]. However, the long-term effects of radiation or the influence of 

SESN on AMPK expression was not examined. In this study, we utilized IR as an agent 

to enhance SESN2 and found that not only was SESN2 levels increased 24h-post 8Gy IR, 

but the expression and activity of the AMPK active complex (AMPKα1β1γ1) was 

elevated as well. Conversely, the IR-induced increase in AMPK and P-ACC expression 

was attenuated in MCF7 when they were pre-treated with siRNA against SESN2. We also 

observed the same trend in radiated A549 lung cancer cells, where IR-induced AMPK 
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activity and expression was prevented with SESN2 siRNA (Figure s3). Taken together, 

these results suggest that IR induces a prolonged increase in SESN2 levels, which may be 

required for the sustained expression of the AMPK complex (α1β1γ1) in response to 

stress-stimuli. 

 Finally, we examined the effect of enhanced SESN2 on pathways of pro-survival 

and cell cycle regulation that are affected by IR. Increased SESN2 expression inhibited 

Akt phosphorylation on both Ser473 and Thr308 residues in MCF7 Tet-OFF SESN2 

cells, which are required for full Akt activation [32]. In addition, the phosphorylation of 

mTOR and its downstream substrate p70-S6K was also decreased with enhanced SESN2, 

validating the role of SESN2 as a negative regulator of mTOR signalling. IR (8Gy) 

treatment alone increased the expression of Akt/mTOR in MCF7 Tet-OFF SESN2 cells. 

However, this effect was attenuated when IR was combined with SESN2 overexpression, 

which translated into significant enhancement of IR-induced cell cytotoxicity when 

clonogenic survival was measured. In addition, we observed that the capability of SESN2 

to augment cell death alone and in response to IR was dependent of AMPK activity, as 

compound C attenuated the SESN2-mediated reduction in MCF7 cell survival.  

This model of SESN2 overexpression has been previously reported to modulate 

cell viability depending on the type of stress condition [8]. Enhanced SESN2 via the 

MCF7 Tet-OFF system sensitizes cell to DNA damaging treatments like UV radiation, 

and as we have shown, IR. However, overexpression of SESN2 was also established to 

protect cells from apoptosis induced by glucose deprivation [8]. Interestingly, AMPK is 

also required for prolonged cell survival upon glucose withdrawal [18] and irradiation 
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during starvation [33], reinforcing the relationship between SESN2 and AMPK to 

modulate cell survival under different cellular pressures. 

Taken together, our model supports the notion that SESN2 is stress-activated gene 

that regulates AMPK activity by orchestrating recruitment of LKB1, as well as increasing 

LKB1/AMPKαβγ expression (Figure 5). In addition, we show for the first time that 

SESN2 blocks IR-induced Akt-mTOR signalling and acts as a radiation sensitizer in 

breast cancer cells (Figure 5). Future studies should elucidate the specific mechanism by 

which SESN2 phosphorylates AMPK, and examine its potential to act as a transcription 

factor that regulates metabolic gene expression.  

Materials and Methods 

Materials. DMEM media (5mM glucose), RPMI media, fetal bovine serum (FBS), 

trypsin and antibiotic were purchased from Invitrogen (Burlington, ON, Canada). 

Antibodies against LKB1, phospho-AMPK α-subunit-(Thr172), phospho-AMPK α1-

subunit-(Ser485), phospho-AMPK β-subunit-(Ser108), phospho-Acetly-CoA-

Carboxylase (P-ACC), AMPKα1-2, AMPKβ1-2, AMPKγ1-3, phosphor-mTOR, phospho-

p70-S6K, actin, and HRP-conjugated anti-rabbit secondary antibody were purchased from 

Cell Signalling (Mississauga, ON, Canada). Sestrin2 (SESN2) antibody was obtained 

from ProteinTech Group (Chicago, IL, USA). Polyvinylidene difluoride (PVDF) 

membrane was purchased from Pall Corporation (Port Washington, NY, USA). The 

FLAG-tag vector and antibodies were from Sigma (Toronto, ON, Canada). MCF7 cells 

were from the American Type Culture Collection (ATCC: Manassa, VA). The sestrin2 
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MCF7 tetracycline-OFF (Tet-OFF) cells was a kind gift from Dr. Michael Karin’s 

laboratory (University of California, San Diego).  

Cell Culture and Treatments. MCF7 cells were grown in DMEM media that was 

supplemented with 10% (v/v) FBS and 1% (v/v) antibiotic-antimycotic. These cells were 

grown at 37
o
C as previously described [21]. Cells were treated with 2 to 8Gy IR using a 

clinical Linear Accelerator radiotherapy unit. The Tet-OFF MCF7 cells were maintained 

in standard DMEM growth medium supplemented with 0.5µg/mL of doxycycline, and for 

SESN2 overexpression this medium was replaced with normal DMEM for 24h [4]. 

Lipofectamin-2000 was used as a transfection reagent, and the cells were treated with 

plasmid vectors as previously described [4]. For siRNA transfection, cells were incubated 

with HiPerFect with or without siRNA against SESN2 for the indicated times, as per 

manufacturer’s protocol [21]. 

Clonogenic Assay. MCF7 Tet-OFF cells were subjected to clonogenic assays as 

described earlier [21]. In brief, 1000 cells were seeded into individual wells of a 6-well 

plate in triplicate 24h before doxycycline withdrawal. Following 24h of doxycyline 

removal, the cells were treated with a single dose of radiation (0-8Gy). After 7 days cells 

were fixed with mythelene blue and viable colonies (>50 cells) were counted. To assess 

radiation sensitization by SESN2, data was fitted to the linear quadratic equation using 

Graphpad Prism 5 software as previously described [34].  

Immunoprecipitation Assay. Following treatments, MCF7 cells were lysed in lysis buffer 

[20mM Tris (pH 7.5), 150mM NaCl, 1mM EDTA, 1mM EGTA, 1% Triton X-100, 

2.5mM Na4P207, 1mM β-glycerolphosphate, 1mM Na3VO4] containing one complete 
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mini protease inhibitor cocktail tablet (Roche, Quebec Canada). 200µL of lysate were 

then incubated with antibodies against the AMPK subunits or an anti-Flag antibody 

overnight, followed by the addition of 20µL of protein A agarose beads (Sigma, Toronto, 

ON) for an additional 2h. The samples were then repeatedly centrifuged and washed with 

lysis buffer prior to the addition of SDS-sample buffer and boiling.  

Immunoblotting. Twenty µg of protein was separated by SDS-PAGE and transferred to 

PVDF membranes as described earlier [21]. The primary antibody was detected with 

HRP-conjugated anti-rabbit or anti-mouse secondary antibody and ECL detection reagent.  

Real Time PCR. Total RNA was extracted from MCF7 cells, cDNA was prepared, and 

real time PCR was carried out as previously described [35]. The AMPKα1 primer pairs 

were based on the PrimerBank (Harvard Medical School) ID 15214987a1. Primers for 

SESN2 correspond to FOR: 5’-GCGAGATCAACAAGTTGCTGG-3’ and REV: 5’-

ACAGCCAAACACGAAGGAGG-3’, and for LKB1 FOR: 5’-

GAGCTGATGTCGGTGGGTATG-3’, and REV: 5’-CACCTTGCCGTAAGAGCCT-3’, 

and for AMPKβ1 FOR: 5’-GCATGGTGGCCATAAGACG-3’ and REV: 5’-

GCGGGAGCTTTATCATTCAC-3’, and for AMPKγ1 FOR: 5’-

CATCCTCAAGAGACCCCAGA-3’ and REV: 5’-CACCGTTAGTCACCAAAGCA-3’. 

Primers used to amplify the RPII housekeeping gene were reported previously [35]. 

Densitometry. The densitometry of immunoblots was performed using Image J software. 

Densitometry values are expressed as a percent change over the control value and are 

shown as mean ± SE of at least 3 independent experiments.     
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Immunofluorescence Microscopy. Following treatments, cells were washed in PBS and 

fixed using 3% paraformaldehyde. The cells were labeled with the indicated primary 

antibodies and anti-mouse Alexa488 and anti-rabbit Alexa568 secondary antibodies were 

added the following day. The cells were then stained with DAPI and images were 

obtained as described previously [21].  

Statistical Analysis. Statistical analyses were performed using a student’s T-test, or when 

appropriate, a one-way ANOVA with SPSS v16.0 software (Somers, NY). The results are 

presented as Mean ± SE of at least 3 separate experiments.   
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Figures: 

 

 

Figure 5.1: SESN2 interacts and regulates AMPKα1β1γ1 activity in MCF7 cells. (A) 

MCF7 cells were plated into a 10cm dish and grown until fully confluent. The cells were 

then lysed with lysis buffer and immunoprecipitation was performed with the indicated 

AMPK subunit antibodies. These samples were then subjected to western blotting with 
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AMPK subunit antibodies. A representative immunoblot from 3 independent experiments 

is shown. (B) Cells were transfected with 1µg empty Flag vector (-) or 1µg Sesn2F (+). 

Forty eight hours later the cells were lysed and immunoprecipitation was performed with 

an anti-Flag antibody. The samples were then subjected to western blotting with the 

indicated antibodies. (C) MCF7 cells were treated with 1µg empty Flag vector (-) or 1µg 

Sesn2F (+). Forty eight hours later the cells were lysed and subjected to western blotting 

with the indicated phosphorylated AMPK antibodies. (D) The results from (C) were 

quantitated and expressed as the mean and SE from 3 independent experiments (* = 

P<0.05 and ** = P<0.01 compared to control). 
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Figure 5.2: SESN2 is found in close proximity with active AMPK in the cytoplasm of 

MCF7 cells. (A) Untreated MCF7 cells were fixed and stained with DAPI (blue), SESN2 

(green), or P-AMPKα (red). (B) MCF7 cells were transfected with 1µg Sesn2F vector 

(Sesn2F) for 24h, followed by fixation and staining with DAPI (blue), SESN2 (green), or 

P-AMPK (red). The cells were then imaged at 40x and merged images are displayed on 

the right. Representative images from 3 independent experiments are shown.  
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Figure 5.3: IR-induced expression and activity of AMPK is dependent on SESN2. (A) 

MCF7 cells were treated with SESN2 siRNA for 48h prior to being exposed to a single 

dose of 8Gy IR. The cells were lysed 24h after IR and western blotting was performed 

with the indicated antibodies. A representative immunoblot from 3-4 independent 

experiments is shown. (B) The results from (A) were quantitated and expressed as the 

mean and SE from 4 independent experiments (* = P<0.05 compared to control, ** = 

P<0.01 compared to control, # = P<0.05 compared to 8Gy IR). 
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Figure 5.4: SESN2 in combination with IR modulates pathways of pro-survival and 

inhibits cell proliferation. (A) MCF7 Tet-OFF SESN2 cells were incubated in the 

presence (+) or absence (-) of Dox-containing medium for 24h before exposure to 8Gy 

IR. Twenty four hours later the cells were lysed and subjected to western blotting with the 

indicated antibodies. A representative immunoblot from 3 independent experiments is 

shown. (B) The results from (A) were quantitated and expressed as the mean and SE from 

3 independent experiments (* = P<0.05 compared to control and # = P<0.05 compared to 

8Gy IR). (C) MCF7 Tet-OFF SESN2 cells were incubated in the presence (basal) or 
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absence (SESN2) of Dox-containing medium for 24h before exposure to the indicated 

doses of IR. Seven days later the cells were fixed and stained with mythelene blue and the 

clonogenic survival was calculated. Results from 3 independent experiments were 

averaged and presented as the mean and SE (* = P<0.05 and ** = P<0.01 compared to the 

corresponding IR treatment alone) and plotted on a logarithmic scale using the linear 

quadratic equation. The results were normalized so that both the untreated (basal) and 

SESN2 overexpressing cells (SESN2) start at the same point  (D) MCF7 Tet-OFF SESN2 

cells were incubated in the presence (control) or absence (S2+) of Dox-containing 

medium and treated with or without 1µM compound C (CC) for 24h before exposure to 

2Gy IR. Seven days later the cells were fixed and stained with mythelene blue and the 

clonogenic survival was calculated. Results from 3 independent experiments were 

averaged and presented as the mean and SE (* = P<0.05 compared to control and # = 

P<0.05 compared to S2+ alone). 
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Figure 5.5: A proposed model of SESN2-mediated AMPK regulation in response to IR in 

MCF7 cells. In response to genotoxic stress (IR), SESN2 is enhanced and leads to the 

formation of an active LKB1/AMPKα1β1γ1 complex. SESN2 may stabilize the AMPK 

complex, or transcriptionally regulate AMPK and enhance its expression. Both SESN2 

and AMPK may then coordinate mTOR suppression, which translates into enhanced IR-

induced cancer cell killing.  

 

  

1
1

1

Ionizing Radiation

Activity/Expression

Sestrin2 P

Survival

mTOR

P

LKB1

Akt



Ph.D. Thesis – Toran Sanli – McMaster University – Medical Sciences 

 

207 

 

Supporting Experiments 

Due to space restriction and suggestions by the reviewers of this paper, some of 

the experimental data has not been incorporated into the final version of the manuscript. 

However, additional experiments for this manuscript were conducted and incorporated as 

supplemental data (Figures 5.S1-5.S3). These experiments were done to demonstrate the 

SESN2 is capable of enhancing the expression, as well as the activity of the AMPK/p53 

signalling pathway. Additionally, data from A549 cells also demonstrated that, similar to 

MCF7 breast cancer cells, loss of SESN2 (via SESN2 siRNA) attenuates the effect of IR-

induced AMPK signalling. 
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Figure 5.S1: SESN2 overexpression enhances AMPK and LKB1 levels. (A) MCF7 cells 

were transiently transfected with 0.05-1 µg Sesn2F vector for 24h, followed by cell lysis 

and western blotting with a SESN2 antibody (0µg is defined as cells transfected with an 

empty-Flag vector). The results from western blotting were quantitated and expressed as 

the mean and SE from 3 independent experiments (* = P<0.05 and ** = P<0.01 compared 

to control). (B) MCF7 cells were transfected with 0.05-1 µg Sesn2F vector for 24h, 

followed by cell lysis and western blotting with the indicated antibodies. (C) MCF7-tet-

off cells were incubated in the presence (+) or absence (-) of Dox-containing medium for 

24h and subjected to western blotting with the indicated antibodies. (D) The results from 

(C) were quantitated and expressed as the mean and SE from 4 independent experiments 

(* = P<0.05 compared to control). (E) The SESN2, LKB1, and AMPK mRNA levels 

from MCF7-tet-off cells that were incubated in the presence (Dox +) or absence (Dox -) 

of Dox-containing medium for 24h were measured. The results are presented as the mean 

and SE from 4 experiments (* = P<0.05 and ** = P<0.01 compared to control). 

  



Ph.D. Thesis – Toran Sanli – McMaster University – Medical Sciences 

 

210 

 

 

Figure 5.S2: SESN2 increases p53 phosphorylation and expression in MCF7 cells. 

MCF7cells were treated with 1µg Sesn2F for 48h before lysis and western blotting with 

the indicated antibodies against p53. Actin was used as a loading control. A 

representative immunoblot from 3 independent experiments is shown. 
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Figure 5.S3: SESN2 is required for IR-induced AMPK activity and expression in A549 

cells. (A) A549 cells were treated with SESN2 siRNA for 48h before exposure to 8Gy IR. 

24h later the cells were lysed and subjected to western blotting with the indicated 

antibodies. (B) The protein levels from (A) were quantitated and expressed as the mean 

and SE of 3 independent experiments. ** = P<0.01 compared to control, * = P<0.05 

compared to control, # = P<0.05 compared to 8Gy IR. 
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Chapter 6: Conclusions 

The hypothesis tested in this thesis was:  

“AMP-activated protein kinase (AMPK) is a signalling molecule that regulates 

radiation responses in cancer cells. Ionizing radiation (IR) enhances AMPK activity 

and expression to modulate cell cycle and survival. In addition, agents that potentiate 

AMPK activity are synergistic with IR to decrease cancer cell survival.”  

Stemming from this hypothesis, several testable objectives were obtained and 

became the main body of experimental work presented in this dissertation. Each of these 

objectives will be addressed individually in this discussion, and the major findings from 

each objective will be summarized and conclusions will be drawn as to whether or not 

they support the hypothesis.  

 Objective 1: To investigate the role of AMPK responses to ionizing radiation in 

cancer cells. 

 The null hypothesis to this statement would be that IR does not impact AMPK 

signalling in cancer cells. However, IR is an established cell stress agent that is known to 

stimulate other signalling pathways that facilitate DNA repair, cell cycle arrest, and 

protein synthesis (Braunstein, Badura, Xi, Formenti, & Schneider, 2009). Furthermore, 

the response of these pathways to IR can occur transiently, with an early-response phase 

that involves the rapid phosphorylation of substrates, or long-term changes that involve 

the post-translational modification of proteins and alterations in gene expression.  

 Chapter 2 of this thesis clearly demonstrates that AMPK is rapidly phosphorylated 

in response to IR in multiple epithelial cancer cell lines. Moreover, this event occurred in 
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the absence of LKB1, but was shown to be dependent on the DNA-damage sensor ATM 

in A549 lung cancer cells. Furthermore, the experiments conducted in this chapter 

implicate AMPK as a central regulator of IR-induced G2/M cell cycle arrest through 

regulation of p21
cip1

. Inhibition of AMPK through molecular (siRNA) or chemical 

(compound C) means also prevented IR-mediated G2/M arrest and led to radiation 

resistance in lung cancer cells, supporting the notion that AMPK responds to IR by 

becoming rapidly activated, and subsequently facilitates radiation-induced cell cycle 

arrest.  

 In addition, the experimental work carried out in later chapters shed light on the 

long-term modulation of AMPK expression in response to IR. Indeed, chapter 4 

demonstrated that not only is the activity of AMPK increased in response to radiation, but 

also following 24-48h after IR, the subunit expression levels of AMPK increase as well. 

The mRNA and protein levels of each AMPK subunit (with the exception of γ2 mRNA) 

were significantly enhanced 48h-post treatment with 8Gy IR. In terms of the mechanism 

by which IR regulates AMPK levels, chapter 5 identified that SESN2 was required for 

sustained AMPK activity and expression following exposure to IR. Taken together, there 

is ample evidence to reject the null hypothesis and support the alternative, which is that 

AMPK does respond to IR in cancer cells by activation through ATM and sustained 

expression via SESN2 signalling (as illustrated in Figure 6.1).  
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Figure 6.1: Theoretical model of AMPK’s response to IR in cancer cells. The red “X” 

indicates DNA damage induced by IR. 

Objective 2: To evaluate the ability of drugs that activate AMPK as radiation 

sensitizers in cancer cells. 

In this case, the default statement for this objective would be that agents that 

increase AMPK activity would have no therapeutic benefit as a radiation sensitizer for 

cancer. However, experimental evidence from this thesis contradicts this statement, 

indicating that both chemical and molecular activation of AMPK can potentiate IR-

induced cell death in cancer cells. Early work from chapter 2 showed that low doses of 
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metformin had a synergistic effect with IR to inhibit the clonogenic survival of lung 

cancer cells. In addition, chapter 3 demonstrated that lovastatin could work as an adjuvant 

for radiotherapy that allowed for the radiosensitization of lung cancer cells through 

induction of apoptosis. Overall, the default statement for this objective cannot be 

supported based on the evidence favouring the opposite notion that agents that activate 

AMPK can work as radiation sensitizers in cancer cells.  

Objective 3: To examine the impact of AMPK on cell signalling pathways that 

regulate (a) DNA repair, and (b) survival in response to IR. 

 The null hypothesis for this prediction would be that AMPK is not involved in 

pathways that regulate DNA repair or survival alone or in response to IR. To evaluate this 

objective I primarily utilized mouse embryo fibroblasts (MEFs) that are deficient in 

AMPKα1/2 (AMPK-/-), and examine the basal and IR-stimulated state of the ATM/p53 

and Akt/mTOR pathways (chapter 4). Interestingly, at the basal level the ATM/p53 DNA-

damage sensing pathway was upregulated in AMPK-/- MEFs compared to their 

corresponding wildtype (Wt) MEF counterparts. This observation suggests that AMPK 

may be involved in a suppression of this pathway, or perhaps that lack of AMPK may 

enhance genomic instability in the cell that results in the chronic accumulation of ATM 

and p53. Furthermore, AMPK-/- MEFs do not display the characteristic increase in these 

signalling molecules when treated with IR, implying that AMPK plays a role in the signal 

transduction pathway that regulates DNA-damage responses triggered by radiation.  

 On the other hand, the Akt-mTOR pro-survival pathway is enhanced in untreated 

AMPK-/- MEFs compared to Wt MEFs. However, this observation is not totally 
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unexpected, since AMPK has been implicated as a suppressor of the Akt/mTOR pathway. 

Additionally, Akt and mTOR failed to respond to IR treatment in AMPK-/- MEFs, 

showing a reduction in their overall activation, much like the radiation response of the 

ATM pathway. Taken together, AMPK clearly has a role in the regulation of pathways 

that affect DNA-damage and cell survival, and therefore the null hypothesis should be 

rejected.  

To this end, it is tempting to speculate that AMPK may play a role in guarding the 

genome by suppressing unregulated proliferation, malignant transformation, as well as 

orchestrating appropriate DNA-damage checkpoints in response to stress. In support of 

this notion, AMPK-/- MEFs were recently characterized in assuming a Warburg 

phenotype similar to cancer cells, having elevated rates of glycolysis and an increase in 

ROS levels (presented data from Dr. Russell Jones laboratory, McGill University).  

Objective 4: To identify the role of SESN2 in (a) modulating AMPK expression 

and activity, as well as (b) regulate pathways that are stimulated by IR. 

The corresponding null hypothesis to this objective is that SESN2 does not play a 

role in regulating AMPK expression or activity, and that it is not involved in IR-mediated 

cell signalling. The experiments from chapter 5 address this question by examining the 

effect of SESN2 overexpression on AMPK regulation, as well as its ability to modulate 

radiation responses in breast cancer cells. SESN2 was found to directly interact with the 

primary AMPK heterotrimer (AMPKα1β1γ1), as well as its upstream regulator LKB1 in 

MCF7 breast cancer cells. In addition, enhanced SESN2 increased AMPK activity and 

increased the expression of LKB1 and AMPK subunits at both the mRNA and protein 



Ph.D. Thesis – Toran Sanli – McMaster University – Medical Sciences 

 

217 

 

level. Interestingly, SESN2 was also found to enhance AMPK subunit expression in 

LKB1-deficient A549 lung cancer cells (Figure A3, Appendix 2), implying that SESN2 

may modulate AMPK independent of LKB1, or that this is a tissue-specific effect for 

SESN2 in cancers of lung origin. 

With respect to radiation-induced cell signalling, inhibition of SESN2 attenuated 

the ability of IR to promote AMPK activation and expression. Conversely though, 

overexpression of SESN2 blocked the characteristic IR-stimulated activation of the 

Akt/mTOR pathway and acted as a radiation sensitizer in MCF7 cells. Thus, these 

observations provide evidence for the involvement of SESN2 in positively regulating 

AMPK, suppressing IR-induced pro-survival signalling, and working as a sensitizing 

agent for MCF7 cells targeted with radiation. As such, the null hypothesis for this 

objective should be rejected. 
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Future Directions  

All of the objectives have implicated AMPK as a sensor and mediator of IR-

induced cell signalling in cancer cells and support the principal hypothesis. However, 

while the in vitro model provides a strong basis for understanding the molecular 

mechanisms involved in IR-mediated AMPK responses in cancer cells (please refer to 

Figure 6.1), it is not an ideal system to understand the pathological implications of 

modulating AMPK in tumours treated with radiotherapy. The next rational step would be 

to examine the effect of IR treatment on AMPK activity and expression on in vivo models 

of cancer. For example, nude mice could be subcutaneously injected with a human cancer 

cell line, and the subsequent tumour that develops could be treated with IR and the 

AMPK levels examined. In addition, the bioavailability and benefit of AMPK activators 

(discussed earlier in this thesis) as adjuvants for radiation therapy could be better 

evaluated in a living organism, as well as provide a clinical basis for the rational 

development of specific and potent activators of AMPK as anti-cancer therapies. It is 

worth noting that other researchers in our laboratory are currently investigating the ability 

of metformin to act as a radiation sensitizer in nude mice with lung cancer xenografts.  

To a similar extent, from a clinical standpoint, it would be interesting to generate a 

tumour-bank from biopsies taken from primary human tumour cells of patients with 

cancer that have undergone radiotherapy. These tumours can then be subjected to 

immunohistochemistry analysis with antibodies that measure AMPK expression and 

activity to see if enhanced AMPK expression is correlated with better IR-treatment 

responses. In reference to this point, a recent study has performed this type of analysis on 
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primary breast cancer tumours and found that decreased AMPK phosphorylation 

(Thr172) correlated with enhanced axillary node metastasis (Hadad et al., 2009). 

Although, it should be noted that these samples were obtained from a cohort of patients 

that did not undergo radiotherapy.  

Moreover, the impact of AMPK on pathways that regulate genomic integrity, as 

well as uncontrolled proliferation at the basal level and in response to IR should be better 

evaluated in human tumours in vivo. This could be achieved by stably knocking down the 

AMPKα1 subunit in MCF7 cells (they only express the α1-catalytic subunit of AMPK) 

using a small-hairpin RNA (shRNA) construct that targets and silences AMPKα1 gene 

expression via RNA interference. Once this stable cell line is generated, it could then be 

subcutaneously injected into nude mice and their tumour growth-kinetics measured once 

they have been classified into untreated or IR-treated groups. Furthermore, at endpoint 

these tumours could be excised and subjected to molecular analysis (PCR, western 

blotting, or immunohistochemistry) to determine the activity and expression of pathways 

that govern DNA damage/repair, cell cycle regulation, and proliferation. Specifically, the 

ATM/p53 pathway should be closely monitored, as we observed that AMPK-/- MEFs has 

elevated basal levels of these molecular markers and they have an abnormal response to 

IR (Figure 6.2). 

In addition, AMPK has recently been implicated in phosphorylating multiple 

substrates required for mitosis, as well as being a passenger of the mitotic apparatus in 

non-transformed and cancer cell lines (Banko et al., 2011; Vazquez-Martin, Oliveras-

Ferraros, & Menendez, 2009).   
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Figure 6.2: Diagrammatic model of future directions. The red “X” indicates DNA 

damage induced by IR. The question marks associated with the dashed black lines 

indicate molecular mechanisms that still need to be elucidated in future experiments.   

Given the role of AMPK as a metabolic and genotoxic stress-sensor, it would be 

interesting to observe the localization and activation of AMPK in various stages of 

mitosis in untreated or IR-treated cancer cells. The effects of modulating AMPK activity 

using inhibitors or activators on the mitotic apparatus (chromosomes, spindle fibres, and 

DNA content) could also be analyzed in cancer cells. This could readily be addressed by 
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arresting cancer cells in different stages of mitosis following IR or AMPK-altering 

treatments and immunostaining them with specific antibodies that measure AMPK 

activity (phosphorylation) and expression, as well as identify mitotic structures. 

Interestingly, ATM has also been recently implicated as a mitotic passenger that regulates 

spindle checkpoints (C. Yang et al., 2011), reinforcing the dynamic relationship between 

AMPK and ATM cross-talk to maintain the integrity of the genome.   

Furthermore, the finding that SESN2 is involved in regulating AMPK activity and 

expression in response to IR is very novel. However, as seen in my graphic model (Figure 

6.2), the specific mechanism by which SESN2 phosphorylates AMPK and enhances its 

expression is still not fully understood. As shown in chapter 5, SESN2 co-localizes with 

the upstream AMPK-kinase LKB1, as well as the active AMPK heterotrimer in MCF7 

cells. I initially suggested that SESN2 may recruit LKB1 to phosphorylate AMPK as the 

major mechanism for SESN2-mediated AMPK activation. However, our laboratory and 

others (Budanov et al., 2010) have observed that SESN2 potentiates AMPK activity in 

LKB1-negative A549 cells (Figure A3). In addition, siRNA against SESN2 was shown to 

block IR-induced AMPK phosphorylation (Figure A4) in these cells. On the other hand, it 

is possible that a yet to be identified kinase for AMPK may also be recruited by SESN2 to 

facilitate AMPK activation. 

Thus, further investigation into understanding the mechanism of SESN2-induced 

AMPK activation is necessary. A more detailed analysis and mapping of the structure of 

SESN2 would aid in predicting if this protein itself can act as a potential AMPK-kinase. 

Alternatively, it is generally accepted that SESN2-mediated AMPK binding promotes a 
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conformational change within the structure of AMPK that enhances this enzymes kinase 

activity (Budanov & Karin, 2008).  

Another important future step in this study would be to characterize the specific 

mechanism by which SESN2 regulates AMPK expression levels. Chapter 5 demonstrated 

that the mRNA expression of AMPK was enhanced by SESN2 overexpression. In 

addition, I also observed the reciprocal interaction, whereby blocking SESN2 expression 

via RNA interference (siRNA against SESN2) had a trend to reduce the mRNA 

expression levels of AMPK (especially for the AMPK α1-subunit, Figure A5). Based on 

these findings it is possible that SESN2 can act as a transcription factor alone, or as a 

potential co-factor for increased AMPK transcription (Figure 6.2). An appropriate method 

to determine this would be to perform a chromatin immunoprecipitation (ChIP) assay 

against SESN2 in cells that overexpress this protein or in irradiated cells. By using an 

antibody against SESN2 the ChIP assay can reveal any direct interaction between the 

SESN2 protein and target AMPK DNA sequences, which if were present, would 

implicate SESN2 as a transcription factor for AMPK.  

Chapter 5 also revealed that enhanced SESN2 increases the protein levels of 

AMPK. This observation may be explained if SESN2 were indeed a transcription factor 

for AMPK. However, an alternative explanation may be that the scaffolding properties of 

SESN2 prevents AMPK protein degradation, and thereby promotes sustained AMPK 

expression in response to stress (in this case, induced by IR). If this were the case, where 

SESN2 stabilizes the AMPK heterotrimer, then identifying how SESN2 anchors to 

AMPK is an important issue to address in the future. One approach to address this would 
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be to examine if SESN2 binds to individual AMPK subunits (i.e. α1 subunit only) by 

knocking down the expression of the remaining subunits that would normally form an 

active AMPK heterotrimer. It is also possible that SESN2 may act as an adenine 

nucleotide mimetic (similar to AICAR), that binds to one of the CBS domains of the 

AMPKγ subunit to stabilize and activate AMPK.  
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Summary 

 The central theory that this dissertation has attempted to establish is that AMPK 

plays a vital role in coordinating appropriate stress-signalling responses in lieu of cellular 

IR exposure. As such, molecular or chemical modulation of AMPK has been shown in 

this thesis to alter radiation responses in cancer cells, which may have future clinical 

implication as a biomarker for radiotherapy. 

 Following some background information on AMPK signalling and radiobiology, 

data in the form of separate manuscripts were presented to address the mechanism by 

which IR activates AMPK in various epithelial cancer cell lines. My first manuscript 

(chapter 2) demonstrated that AMPK is rapidly phosphorylated in vitro and that it is 

required to facilitate IR-induced G2/M cell cycle arrest, as well as act as a central target 

for radiation sensitization. A subsequent paper identified that lovastatin activates AMPK 

and sensitizes lung cancer cells to IR by blocking EGFR-Akt-mTOR signalling and 

increasing programmed cell death (chapter 3). In addition, a later paper provided novel 

observation about the involvement of AMPK signalling in regulating pathways that 

control DNA damage and cell proliferation, as well as the effect of IR on AMPK 

expression (chapter 4). Furthermore, a final paper (chapter 5) addressed the role of the 

sestrin family member, SESN2, in controlling AMPK activity and expression alone and in 

response to IR. In addition, potential future studies where presented following the papers 

to identify areas of AMPK signalling that require further investigation.  

 Overall, it has become evident that AMPK is not only involved in regulating 

energy metabolism, but also in modulating signalling pathways in response to a variety of 
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cellular stresses, which if left unchecked promote a malignant environment. This is 

perhaps the reason why researchers and clinicians have adopted drugs that target other 

metabolic diseases, such as metformin for type 2 diabetes (an AMPK activator), and 

geared it for potential clinical use in cancer patients. This may be of great future benefit 

as many conventionally used chemotherapeutic drugs currently target specific genes that 

may be mutated in cancer, whereas targeting pathways in metabolism is a universal 

physiological process. Thus, by understanding better the basic science of AMPK 

signalling and its response to metabolic and genotoxic stress, we may also discover novel 

therapeutic approaches to treat cancer, as well as other diseases of metabolism.   
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Appendix 1: General Methodology 

This section describes the methods that were commonly used in more detail than was 

possible in the sandwiched manuscripts.   

Cell Culture Technique 

 Lung, breast, and prostate cancer cell, as well as MRC5 (lung), PNT1A (prostate), 

and 184B5 (breast) epithelial cells were grown and maintained in T-flasks with their 

recommended base medium according to the American Tissue Culture Collection 

(ATCC) recommendations. The media was supplemented with 10% (v/v) fetal bovine 

serum (FBS) and 1% (v/v) antibiotic-antimycotic solution (100 U/mL penicillin, 100 

µg/mL streptomycin and 250 ng/mL amphotericin B), and the cells were grown in an 

atmosphere of 5% CO2 at 37°C. Cells were regularly trypsinized once they became 

confluent by washing with 2mL of 1XPBS followed by trypsinization with approximately 

1mL of 2x 0.1% EDTA-trypsin. Once trypsin was added, the cells were placed back into 

the incubator (5% CO2 at 37°C) for 3-5 minutes to allow cells to disconnect from the 

flask. Fresh media was then added to the flask to de-activate the trypsin. Excess cells 

were then removed, leaving a small number in the flask to which new media was added.  

 The sestrin2 MCF7 tetracycline-OFF (Tet-OFF) cells was a kind gift from Dr. 

Michael Karin’s laboratory (University of California, San Diego). These cells were 

maintained in standard DMEM growth medium (10% FBS and 1% A/A) supplemented 

with 0.5µg/mL of doxycycline, and for SESN2 overexpression this medium was replaced 

with normal DMEM (10% FBS and 1% A/A) for 24h.  
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IR and Cell Treatments 

 Cells were exposed to 2–8Gy of IR using a clinical Linear Accelerator 

radiotherapy unit (Juravinski Cancer Centre, Hamilton, ON, Canada). All experiments 

were conducted using cells that were grown in BD falcon plastic-ware (6-well plates or 

10 cm petri dishes). Appropriate dosimetry was carried out by Dr. Thomas Farrell (a 

medical physicist) to make certain that accurate delivery of the indicated dose of radiation 

was achieved under these cell culture conditions. For IR treatments, the cells were 

removed from the incubator and put into a plastic container with a sterile draping placed 

over top of the container for transportation to the radiotherapy unit. Radiation delivery 

was performed by a trained radiation therapist. Following the treatment with IR, cells 

were placed back into the incubator until the end of the experiment.   

 All drug treatments (including AMPK activators and inhibitors) were dissolved in 

DMSO or water according to the manufacturer’s recommendations. Working stock 

solutions of these drugs were then created by dissolving them in the base medium in 

which the corresponding cells were being grown. Drugs were added 1-24h prior to IR 

treatments unless otherwise indicated.  

Measuring Cell Proliferation and Survival 

Clonogenic Survival Assays 

 Five hundred to one thousand cells (depending on the specific cell line’s 

proliferation rate) were seeded into individual wells of 6-well plates and maintained in 2 

mL 10% FBS serum medium. Each treatment condition was performed in triplicate. 24h 

later, the cells were treated with or without the indicated drugs for 1-24h prior to exposure 
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to the indicated dose of IR. After ~7-14 days (depending on the doubling rate of the 

specific cell line) the cells were fixed and stained with 0.05% methylene blue for 5min. 

Colonies containing >50 cells were then manually counted as viable colonies under a 

microscope. Averages were taken of the triplicate wells for each treatment. Treatment 

values were normalized to control values and plotted in graph format (bar graph or line 

graph) using Microsoft Office Excel. For radiation dose-response curves (0-8Gy), the 

values were plotted on a logarithmic scale and fitted to the linear quadratic equation using 

the formula S(D) = e 
–αD-βD2  

and GraphPad Prism 5 software. 
 

Crystal Violet Assay (this protocol was adapted from Dr. Eric Seidlitz) 

The crystal violet stain procedure can be used to determine cell proliferation or 

cell number in fixed adherent cell cultures without using a fluorescence marker. The 

procedure itself is based on the ability of crystal violet to bind to DNA. After all unbound 

stain is washed away, the stain is completely solubilized and the resulting supernatant is 

analyzed using a plate reader to measure absorbance at a wavelength appropriate for the 

stain. Cell proliferation can be interpolated by normalizing all treatment groups to the 

untreated control absorbance value. 

Stain  0.5% (w/v) crystal violet stain in 25% (v/v) methanol 

Solubilizer 0.05 M NaH2PO4 in 50% Ethanol (FW 138.0 g/mole) 

 

Procedure: 

1. Remove media and fix cells with 25% (v/v) methanol for 10 minutes (using the 

same volume as media). 

2. Remove methanol and stain for 10 minutes at room temperature. 

a. For a 96 well plate, add 50 µL of crystal violet stain to each well. 

3. Remove stain and rinse with fresh tap water until stain can no longer be removed. 

a. For 96 wells, simply dump out the stain then rinse with tap water in a large 

container. Replace water at least 3 times to ensure adequate removal of 

unbound stain. 
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4. Allow plate to dry plate overnight for later reading or proceed to next step 

directly. 

5. Add solubilizer to return adhered stain to solution.. 

a. For a 96 well plate, add 100 µL of 0.05 M NaH2PO4 in 50% Ethanol to 

each well. 

b. Shake gently for at least 30 minutes. 

6. Read Absorbance on the plate reader at 570 nm, after 1 sec. of low agitation. 

 

Hoechst 33258 Assay (this protocol was adapted from Dr. Helga Duivenvoorden) 

This assay, using Hoechst 33258 / Bisbenzimide H33258 Fluorochrome, 

trichloride (Calbiochem #382061) is used to measure cell proliferation based on the 

adherence of the fluorescent Hoechst dye to DNA.  Cell number can also be estimated 

based on interpolation from a standard curve generated with differential seeding of the 

same cell lines used in the experiments. Similar to crystal violet staining, cell 

proliferation can be determined by normalizing all treatment groups to the untreated 

control absorbance value. 

Solutions: 

TNE buffer:   10 mM Tris pH=7.4, 2 M NaCl, and 1 mM EDTA 

Hoechst stock solution:  10 mg/mL Hoechst in H2O (light sensitive, wrapped in 

aluminium foil, store at     4°C; Hoechst 33258 / Bisbenzimide H33258 Fluorochrome    

                                         trichloride, Calbiochem, Cat#382061) 

Hoechst working solution:   20 µg/mL Hoechst in TNE (protect from light) 

 

Procedure: 

• At the time point of interest, wash cell monolayers in 96 well plates twice with 

PBS. 

• Add 100 µL Milli-Q water to disrupt the cells 

• Wrap in plastic wrap to prevent evaporation (while keeping it level) and freeze at -

80°C (at least until completely frozen, but can be frozen for weeks).  This freezing 

step ensures that cells are fully disrupted in preparation for stain to access the 

nuclei. 

• Take the plate from the freezer, put at room temperature until completely thawed 

(~1 hr). 

• Add 100 µL Hoechst working solution/well (with the previously added water, this 

makes a total of 200 µL in each well) 
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• Measure fluorescence using excitation λ=360 nm, emission λ=460 nm with the 

Cytofluor plate reader (template = Hchst_96.mft; gain typically ~65 to yield raw 

values above 2000). 

 

Western blotting 

Western blotting can be utilized to assess the presence of a particular protein of 

interest in samples of cultured cells or tissue, using cell lysis and an antibody against the 

target protein. Cells are grown and treated as desired, and then washed with PBS prior to 

rapid protein extraction. Using a cell lysate buffer solution, cells are lysed and the 

resulting rudimentary proteins harvested and collected in centrifuge tubes. Following 

centrifugation, the total protein concentration is measured using a protein assay prior to 

subsequent analysis. The basis of Western blotting is to separate proteins of equal 

concentration by molecular weight and charge using electrophoresis on a polyacrylamide 

gel. These proteins are then transferred to a membrane (nitrocellulose or 

polyvinylchloride) using another electrostatic gradient. The proteins that have been 

transferred to the membrane can then be visualized using antibodies to a specific protein 

of interest.  A common procedure for identifying the location of an antibody is to link it to 

an enzyme (such as horse radish peroxidase) and visualize it using a light-emitting 

reaction (for example, using an ECL kit that utilizes luminol as a substrate to sense 

peroxidase activity via production of light emission). The end-product of western blotting 

is an image on film showing the distribution of proteins in separate lanes with a molecular 

weight marker lane as a reference point.  

Material Preparation: 

1.5M Tris-HCl, pH 8.8 -Store at 4˚C. 
27.23g Tris base (18.15g/100ml) 

80ml deionized water 
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Adjust to pH 8.8 with 6N HCl. Bring to total volume 150ml with deionized water. 

 

0.5M Tris-HCl, pH 6.8 –Store at 4˚C. 
6g Tris base 

60ml deionized water 

Adjust to pH 6.8 with 6N HCl and bring total volume to 100ml with deionized water. 

 

10x TBS (Tris- buffered saline) (1L) Store at room temperature. 
24.2g Tris base 

80g NaCl 

Adjust pH to 7.6 with HCl. Use at 1x TBS. 

 

Blocking Buffer (150ml) Store at room temperature (fresh daily).  
15ml 10x TBS 

135ml water  

7.5g 5% w/v nonfat dry milk and then 

0.15ml Tween- 20 (100%) 

 
0.15ml Tween- 20 (100%) Primary Antibody Dilution Buffer (20ml). Store at 4˚C. 
2ml 10x TBS 

18ml water 

1.0g BSA and then 

20ul Tween- 20 (100%) 

 
Wash Buffer TBS/T 
1x TBS 

0.1% Tween- 20 

 

10x Electrode Running Buffer (store at 4°C) 
15.15g Tris base 

72g Glycine 

5.0g SDS 

Dissolve and bring volume to 500ml with DD water. Do not adjust pH with acid or base. 

Dilute 50ml of 10x stock with 450ml water before use. 

 

Transfer Buffer (1L) (store at 4°C to improve heat dissipation, make fresh) 
25mM Tris base 3.03g 

0.2M glycine  15.01g 

20% methanol  200ml/ 800ml DD water 

 
Solutions for Protein Preparation: (adapted from Dr. Evangelia Tsiani) 

1. SDS Sample Buffer (store at room temperature): 

3.55ml deionized water 
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1.25ml 0.5M Tris-HCl, pH 6.8 

2.50ml glycerol 

2.00ml 10% (w/v) SDS (10g in 90ml water and bring to 100ml) 

0.20ml 0.5% (w/v) bromophenol blue (0.05g/ 9.95ml water) 

Add 50µl β-mercaptoethanol to 950µl SDS Sample Buffer before use. 

 

2. Cell Lysis Buffer (prevent dephosphorylation by phosphatases) 

20mM Tris (pH 7.5) (1.21g in 500ml water and adjust pH with HCl) 

150mM NaCl (4.38g) 

1mM EDTA (0.14g) 

1mM EGTA (0.19g) 

1% Triton X-100 (5mL) 

2.5mM sodium pyrophosphate (0.56g) (phosphatase inhibitor) 

1mM β-glycerolphosphate (0.11g) (phosphatase inhibitor) 

1mM Na3VO4 (0.09g) (tyrosine phosphatase inhibitor) 

1µg/ml leupeptin (0.5mg) (serine/thiol protease inhibitor) 

Add 1mM PMSF (serine protease inhibitor) before use and chill on ice. (0.174g/ml = 

0.087g/500µl methanol for 1M stock- therefore add 1µl/ml to buffer) 

Store at 4°C for 1- 2 weeks or at -20°C for longer time periods. 

 

Cell Lysis: 
1. Treat cells as described in Glucose Transport Assay. 

2. After treatment, pour off medium and wash cells twice with HBS and aspirate. 

3. Lyse cells with 50µl of 0.05N NaOH and pipette into 1.5mL eppendorf tube. 

4. Remove 50µl for Protein Assay. 

5. Add equal amount of SDS Sample Buffer and immediately boil for 5 minutes and 

freeze at -20°C. 

 

Protein Assay 

 Protein assay dye (BioRad) was prepared and filtered for protein concentration 

determination. BSA protein standards (0, 0.1, 0.2, 0.4, 0.6, 0.8, 0.9, 1.0mg/ml) were used 

to create a standard protein curve. 10µl of each protein standard and lysed samples were 

pipetted into separate wells of a 96-well plate in triplicate. 250µL of protein assay dye 

(1:4 ratio in water) was then added into each well. The absorbance was measured using a 

BioTek PowerWave XL plate reader at 570nm, and the final concentration of the protein 

samples were calculated in Microsoft Excel. The final protein concentration was 

ascertained using the equation y=mx+b, where x is the average absorbance of the 

triplicate sample and both m and b are derived from the linear equation generated by 

Excel from the standard curve. 

 

Gel Preparation: 

Resolving Gel Buffer (10%) bottom (30 minutes minimum) 
 12.3ml DD water 
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 9.9ml 30% Acrylamide/ Bis Solution 

 7.5ml 1.5M Tris- Hcl, pH 8.8 

 0.3ml 10% w/v SDS 

Right before pouring the gel, add 150µl 10% APS (0.01g/ 100µl) made fresh daily and 

15µl TEMED and swirl. 

Add 100% ethanol to smoothen gel layer and wash with water after gel is set. 

Stacking Gel Buffer (4%) top (1 hour minimum) 
 18.3ml DD water 

 3.9ml 30% Acrylamide/ Bis Solution 

 7.5ml 0.5M Tris-HCl, pH 6.8 

 0.3ml 10% w/v SDS 

Right before pouring the gel, add 150µl 10% APS (0.01g/ 100µl) made fresh daily and 

30µl TEMED and swirl. 

 

Electrophoresis: 
1. Place gels in electrode assembly and add diluted running buffer in reservoir and 

allow to overflow into tank (500ml). 

2. Thaw samples and vortex for 15 seconds. 

3. Boil for 5 minutes. 

4. Microcentrifuge for 5 minutes. 

5. Use micropipette to load wells with sample (25µl optimum). Remember to load 

molecular weight standard (5µl). (20- 30µg protein/ well) 

6. Run at 150V for ~1 hour depending on thickness of resolving gel. (stop when dye 

runs out of the bottom) 

7. When complete, use a razor to remove the stacking gel only and place the 

remaining gel in transfer buffer with agitation. 

 

PVDF Membrane Transfer: 
1. Prepare transfer buffer ahead of time and chill at 4°C.  

2. Assemble transfer apparatus and get ice packs. 

3. PVDF membranes must be equilibrated in 100% methanol before placed in 

transfer buffer (always wear gloves when handling membranes).  

4. Soak membranes, filter papers, and fiber pads in transfer buffer for 15 minutes to 

equilibrate and then assemble sandwich immersed in transfer buffer to avoid 

bubbles. 

Black side- fiber pad- filter paper- gel- membrane- filter paper- fiber pad- clear side 

5. Place cassette in module and stir bar. Fill tank completely with transfer buffer and 

pack with ice. 

6. Transfer for 1 hour at 100V.  

 

Membrane Blocking and Antibody Detection: 
1. Wash PVDF membrane for 5 minutes at room temperature with 10ml 1x TBS. 

2. Incubate in blocking buffer for 1 hour at room temperature in agitator. 

3. Rinse with 50µl Tween20, 45ml DD water, and 5ml 1x TBS. 
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4. Incubate with primary antibody (usually 1:1000 or 10µl/ 10ml) diluted in primary 

antibody dilution buffer overnight at 4°C (cold room) with gentle agitation. Cover 

with saran wrap to avoid evaporation. 

Recover antibody and add sodium azide for conservation. Use 0.02% final concentration.  

5. Wash 3 times for 5 minutes with 15ml TBS/T. 

6. Incubate with HRP- conjugated secondary antibody (usually 1:2000 or 5µl/ 10 ml) 

to detect biotinylated protein markers, in blocking buffer with agitation at room 

temperature. 

7. Repeat washing with TBS/T 3 times for 5 minutes each. 

 

Protein Detection in Dark Room: 
1. Incubate membrane for 1 minute in 2ml GE Healthcare ECL Reagent (1:1 ratio of 

buffer A and buffer B) with gentle agitation at room temperature. (It is light 

sensitive!) 

2. Place in clear wrap into film cassette. 

3. Expose to autoradiography film and insert into film developer (10 second 

exposure should indicate proper exposure time). 

 

Immunoprecipitation 

 Immunoprecipitation (IP) is a process that allows for the precipitation of protein 

of interest (that may exist in a complex of other proteins) out of a solution by using a 

specific antibody against it. This antibody-protein complex can then be bound to solid-

phase substrates, such as agarose beads, before the sample is centrifuged. The “heavier” 

protein of interest (bound by the antibody and beads), along with any other proteins that 

associate with it, will form the precipitate at the bottom of the centrifuge tube. The 

remaining supernatant left in the sample can then be discarded.  

Procedure: 
1) Allocate 200µL of whole cell lysate that was lysed in lysis buffer for the IP 

procedure. 

2) Select an antibody against your protein of interest and incubated it (at a 1:50 

volume ratio) directly in the lysate overnight a 4°C. If the protein of interest is 

tagged with a Flag-vector, then use a Flag-tagged primary antibody. 

3) The following morning add 20µL of protein A agarose beads (Sigma, St. Louis, 

MO) to the sample and agitate for 1-3 hours at 4°C.  

4) The cell lysate can then be microcentrifuged at max speed for 30sec at 4°C, the 

supernatant removed, and washed with 500µL cell lysis buffer.  
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5) Repeat step 4 at least 4-5x before proceeding to the final step. 

6) The pellet can then be re-suspended in 20µL of 3x SDS sample buffer and boiled 

at 100 
o
C for 5min. 15µL of protein sample can then be loaded onto SDS-PAGE 

gel to be analyzed by western blotting. 

   

Real Time Polymerase Chain Reaction (RT-PCR) 

 The basic application of PCR can be utilized to amplify a very small template of 

RNA or DNA into large quantities within a short period of time. The process is now 

automated using a PCR machine to copy a short region of DNA multiple times in a test 

tube by using DNA polymerase. The PCR machine carries out a cycle of processes in 

which the following sequence of events are repeated over and over again to amplify the 

specified DNA sequence: 

1. Double-stranded DNA is denatured by heat into single-stranded DNA. 

2. Short primer pairs to a specific gene of interest are incorporated into the reaction. 

3. DNA polymerase catalyzes the production of the complementary new strand of 

DNA. 

Specifically, this reaction requires a few vital components to produce the multiple 

copies of the DNA sequence. As already stated, the procedure requires short primers on 

either side of the DNA stand (forward and reverse) to your gene of interest. In addition, 

Taq polymerase (from the bacteria Thermus aquaticus) is required to amply the DNA 

because it can withstand the high temperatures (95
0
C) that are required to denature the 

double-stranded DNA without itself being degraded. Finally, free nucleotides (dNTPs for 

DNA, and NTPs for RNA) in supplied in a buffer are necessary as building-blocks for the 

reaction.  
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 Fairly recently, a new method to quantitate the amount of DNA has been 

developed. This process is called “real time” PCR (RT-PCR), because it allows for the 

researcher to view (in real time) the increase in DNA being generated through each cycle 

as it is being amplified. Two available methods for the detection of DNA in RT-PCR 

includes the use of  non-specific fluorescent dyes that interact with double-stranded DNA, 

and sequence-specific DNA probes consisting of oligonucleotides that are tagged with 

a fluorescent reporter (e.x. SYBR green) which allows for quantitation following the 

hybridization of the probe with its complementary DNA target.  

Procedure: 
Isolation of RNA from Cells in Culture (Adapted from Qiagen RNeasy Mini Handbook) 

1. Following treatments, harvest cells directly by adding 350µL RLT buffer and 

collecting lysates in 1.5mL eppendorf tube.  These samples can then be 

homogenized immediately or stored at -80
0
C for later use.  

2. Homogenize the lysate by passing them through a 20-gauge needle at least 10x. 

Then add one voluem (350µL) of 70% ethanol to the lysate and mix by pipetting 

(do not centrifuge). 

3. Transfer the sample to an RNeasy spin column placed in a 2mL collection tube 

(supplied). Close the lid gently and centrifuge for 15s at >10,000 rpm (max speed 

on lab centrifuge). Discard the flow-through. 

4. Add 700µL Beffer RW1 to the RNeasy spin column. Close the lid and centrifuge 

for 15s at >10,000 rpm to wash the spin column membrane. Discard the flow-

through. 

5. Add 500µL Buffer RPE to the RNeasy spin column. Close the lid and centrifuge 

for 15s at >10,000 rpm to wash the spin column membrane. Discard the flow-

through. 

6. Add 500µL Buffer RPE to the RNeasy spin column. Close the lid and centrifuge 

for 2min at >10,000 rpm to wash the spin column membrane.  

7. Place the RNeasy spin column in a new 2mL collection tube (supplied), and 

discard the old collection tube with the flow-through. Close the lid and centrifuge 

at max speed for 1min. 

8. Place the RNeasy spin column in a new 1.5mL collection tube (supplied). Add 30-

50µL RNase-free water (depending on how much RNA yield you believe there 

will be). Close the lid and centrifuge for 1min at >10,000 rpm to elute the RNA. 

9. Proceed to DNase treatment protocol. 

 

DNase Treatment Protocol (adapted from Dr. Katja Linher-Melville) 
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Materials: 

DNA-free-AMBION Kit 

1. Place DNase enzyme on ice and thaw DNase Inactivation Reagent. 

2. Add 10% volume of 10x DNase 1 buffer to RNA sample (if 50 µl of RNase-free 

water was added to spin column add 5 µl 10x DNase 1 buffer). 

3. Add 1 µl of DNase 1 enzyme to mixture. 

4. Incubate at 37ºC for 30 mins (Using heat block, monitor temperature using 

thermometer because enzyme works optimally at 37ºC). 

5. Resuspend DNase inactivation reagent by flicking and vortexing. Add 10% 

volume of slury to sample. Flick to get into solution. Incubate at room temperature 

for 2 mins (Add DMCA if too thick).  

6. Vortex lightly, centrifuge at max for 1 min to pellet the reagent. Put supernatant 

into new 1.5 mL tubes and discard the pellet. Put tubes on ice (can freeze at -80ºC 

until ready).  

 

Spectrometry of Samples 

1. Turn on UV on spec station 5 minutes before usage (UV-VIS� when light bulb 

stops flashing it is warm) 

2. Prepare samples: 1 tube RNase-free water (72 µl) and sample tubes (2 µl RNA + 

70 µl water) *Mix samples by pipetting 

Final volume/Sample volume= Dilution Factor (i.e. 72/2= Dilution factor of 36) 

3. Select mode: Nucleic Acid, 260/280 Ratio then enter  

4. Spec box is in cabinet under Beckman spectrometer, take up all of the volume of 

sample and pipette into crack (wipe sides to get rid of dust). 

5. Place box in spectrometer with the dot facing you, hit Blank 0-0 Reading.  

6. After reading shake out box in biohazardous waste, wipe and load next sample. 

Hit read 

7. Record OD 260 and OD 260/280 for each sample 

8. For RNA want OD 260/280 Ratio in the range of 1.8-1.9, anything over 2.0 

suggests protein carryover and should be repeated   

[(OD 260 x 40) x Dilution Factor]/ 1000 = µg/µl of RNA 

 

cDNA Synthesis using SuperScript III (Invitrogen) 

This procedure is intented to convert 1pg to 5µg of total RNA or 1pg to 500ng of poly(A) 

RNA into first-strand cDNA: 

1. Mix and briefly centrifuge each component before using. 

2. Combine the following components into a 0.2 or 0.5mL tube: 

i) Up to 5µg total RNA 

ii) 1µL of each primer pair to your gene of interest (FOR and REV) 

iii) 1µL of 50µM oligo(dT) 

iv) 1µL of 10mM dNTP mix 

v) Top up to 10µL using DEPC-treated water 

3. Incubate at 65
0
C for 5min, then place on ice for at least 1min. 
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4. Prepare the following cDNA synthesis mix, adding each component in the 

indicated order (for 1x reaction mixture): 

i) 2µL 10x RT buffer 

ii) 4µL 25mM MgCl2 

iii) 2µL 0.1M DTT 

iv) 1µL RNaseOUT (40U/µL0 

v) 1µL SuperScript III RT (200U/µL) 

5. Add 10µL of cDNA synthesis mix to each RNA/primer mixture, mix gently, and 

collect by brief centrifugation. Incubate as follows. 

i) Oligo(dT) for 50min at 50
0
C 

ii) Random hexamer primed for 10min at 25
0
C followed by 50min at 50

0
C 

6. Terminate the reactions at 85
0
C for 5min. Chill on ice 

7. Collect the reactions by brief centrifugation. Add 1µL of RNase H to each tube 

and incubate for 20min at 37
0
C 

8. cDNA synthesis reactions can be stored at -20
0
C or used for PCR immediately 

 

RT-PCR Machine Protocol 

1. Before beginning prepare a Master Mix for each primer pair you will be using  

Master Mix  

10 pmol/µl primer FOR    0.5 µl x (Number of reactions +1) 

10 pmol/µl primer REV   0.5 µl x (Number of reactions +1) 

2.75 µl dH20     2.75 µl x (Number of reactions +1) 

6.25 µl SYBR Green Premix    6.25 µl x (Number of reactions +1) 

2. To each tube add 10 µl Master Mix + 2.5 µl cDNA= 12.5 µl final reaction volume  

3. Turn on RT machine and open software Bio-Rad CFX Manager 

4. Create a New Experiment  

5. Select existing� Katja folder� Katja RT protocol 

6. Next on bottom right  

7. Select existing plate� Katja plate setup� Edit selected  

8. Highlight� Sample type� Unknown� Load SYBR 

9. Save and next 

10. Edit sample volume to 13 µl 

11. Start run and save in new folder  

Cycling conditions were as follows: 95°C for 1 min, 40 total cycles of 95°C for 10 

sec, 60°C for 25 sec, and melt peak determination (95°C for 15 sec, increasing from 65°C 

to 95°C with 0.5°C increments for 5 sec each). Parallel reactions were carried out for the 

RPII housekeeping gene to calculate relative mRNA levels by real time PCR using the 2
-

[∆][∆]Ct
 method (Livak & Schmittgen, 2001).  

Forward (FOR) and reverse (REV) primers used to amplify the human target 

genes of interest were designed based on modifications to existing PCR primer pairs for 

gene expression detection and quantification listed in PrimerBank with annealing 

temperatures of 60°C (http://pga.mgh.harvard.edu/primerbank/index.html). The 

amplification efficiencies were tested for each primer pair, the specificity of the melt 

curves was assessed, and the integrity of each product was verified by gel electrophoresis. 
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Table 2: List of PCR Primer Pairs Used. 

Gene Name Sequence (5’ ���� 3’) 

AMPKα1 FOR AGAAGCAGAAACACGACGGG 

AMPKα1 REV GCGGATTTTTCCTACCACATCA 

AMPKα2 FOR CTGTAAGCATGGACGGGTTGA 

AMPKα2 REV AAATCGGCTATCTTGGCATTCA 

AMPKβ1 FOR GCATGGTGGCCATAAGACG 

AMPKβ1 REV GCGGGAGCTTTATCATTCAC 

AMPKβ2 FOR CAGTCAGCTTGGCACAATTAAC 

AMPKβ2 REV TCCTCAGATCGAAACGCATACA 

AMPKγ1 FOR CATCCTCAAGAGACCCCAGA 

AMPKγ1 REV CACCGTTAGTCACCAAAGCA 

AMPKγ2 FOR GAGCCTGAACGGTTAGAGAATC 

AMPKγ2 REV GCTTCGTCCTCGAACTCCAG 

LKB1 FOR GAGCTGATGTCGGTGGGTATG 

LKB1 REV CACCTTGCCGTAAGAGCCT 

SESN2 FOR GCGAGATCAACAAGTTGCTGG 

SESN2 REV ACAGCCAAACACGAAGGAGG 

RPII-I FOR GGGTGCTGAGTGAGAAGGAC 

RPII-I REV AGCCATCAAAGGAGATGACG 

 

SESN2 Overexpression using a Flag-tagged Vector 

The creation of the pCMV-FLAG-MAT-Tag-1 SESN2 expression vector 

(Sesn2F) was carried out by Dr. Katja Linher-Melville. Sub-cloning of SESN2 cDNA 
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was obtained through PCR amplification of the human SESN2 primers (obtained from 

Dr. Micheal Karin’s lab) containing corresponding endonuclease reinstruction sites and 

Flag-tagged sequences; FOR: 5’-AAAAGCTTGCCACCATGGATTACAAGGACGAC- 

GACGATAAGATGATCGTGGCGGA-3’; REV: 5’-AAGCGGCCGCTCAGGTCAT- 

GTAGCGGGA-3’.  

Transfecting this vector into human cancer cells lines was conducted as follows: 

1) In one tube, combine 1µg of SESN2 plasmid DNA (Sesn2F) in 250µL of serum-

free media without antibiotics.  

2) In a second tube, combine 10µL of lipofectamine 2000 transfection reagent 

(Invitrogen) in 250µL of serum-free media and incubate at room temperature for 

5min. 

3) Mix the two tubes containing the Sesn2F and lipofectamine together and incubate 

at room temperature for 30min. 

4) Change the media in your cells that will receive the vector (in a 6-well plate), 

replacing them with 1.5mL of complete culture media per well.  

5) Add the 0.5mL of combined transfection mix (Sesn2F + lipofectamine) drop-wise 

down the side of each appropriate well, swirl gently to mix, and incubate the cells 

at 37
0
C for 48h before terminating the transfection.  

 

siRNA-Mediated Gene Silencing 

  To investigate the role of AMPK and SESN2 in molecular signalling pathways 

regulated by IR, we knocked down their activity by silencing the expression AMPKα1/2 

and SESN2. RNAi is a process whereby the addition of double-stranded RNA (dsRNA) 

into a cell leads to targeted posttranscriptional gene silencing (QIAGEN protocol 

manual). In mammalian cells, it was found that short interfering RNA (siRNA) oligos of 

23 nucleotides could effectively shut down the expression of a specific target gene that 

correspond to the siRNA sequence. To this end, pre-designed siRNA sequences (we used 

2 siRNA sequence per gene) against AMPKα1 (sequence 1: Hs_PRKAA1_5 and 

sequence2: Hs_PRKAA1_6), AMPKα2 (sequence1: Hs_PRKAA2_6 and sequence2:      
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Hs_PRKAA2_7), and SESN2 (sequence1: Hs_SESN2_2 and sequence2: Hs_SESN2_7) 

were obtained through the QIAGEN RNAi database (GeneGlobe).  

Procedure: 

1) Approximately 50,000 - 80,000 cells were seeded into 6-well plates in 2mL of 

media, and allowed to adhere for approximately 4-5 hours.  

2) For generation of the vehicle-siRNA complex, a 100 µL preparation was prepared 

in a 1 mL eppendorf tube for each transfection (1x reaction) as follows: 

i) Add 65.5µL of serum and antibiotic free media to the tube 

ii) Add 15µL of one siRNA sequence (final concentration is 25nM) to the 

media in the tube. Ex. For AMPKα1 siRNA, add the Hs_PRKAA1_5 

sequence first 

iii) Add 15µL of the other siRNA sequence (final concentration is 25nM) to 

the media in the tube. Ex. For AMPKα1 siRNA, then add the 

Hs_PRKAA1_6 sequence 

iv) Add 4.5 µL of HiPerFect transfection reagent to this mixture in the tube. 

v) Vortex the tube gently, and allow the reaction to incubate for 10min at 

room temperature  

3) Remove the existing media from the 6-well plates by aspiration and replace with 

0.5mL of fresh complete growth media. 

4) Add the 100µL transfection reaction (siRNA + the HiPerFect) drop-wise to the 

desired wells of the 6-well plate and incubate overnight at 37
0
C. The final volume 

of media in the plate should now be 0.6mL per well. In addition, insure that you 

keep one well available as a vehicle control that contains only HiPerFect 

5) The following morning remove the media containing the transfection reaction and 

replace with 2mL of fresh complete growth media.  

6) Continue with any additional treatments or allow the cell to grow for an additional 

72h before lysis  

 

Immunofluorescence Protocol 

The following protocol provides the general steps used in most conventional 

fluorescent microscopes to allow for the detection of specific protein of interest (labeled 

with fluorescent antibodies or dyes).  

1) Add sterile cover slips (you can flame waft them) to 6-well plates before the 

addition of cells. 

2) Grow cells and treat with radiation or drugs for desired time. 

3) Wash cells gently with cold PBS (2x). 

4) Treat the cells with 2-4% formaldehyde in PBS for 20min at RT. 

5) Wash the cells with PBS 3x at 5min each. 
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6) Block cells with 5% normal-serum diluted in PBS with 0.3% Triton-X-100 for 1h 

at RT. This will also permeabilize the cells.  

7) During this time you can dilute the primary antibody to 1:100 in PBS with 1% 

BSA and 0.3% Trition-X-100. There is no need to rinse between blocking and 

primary incubation. Allow the primary antibody to incubate overnight at 4
o
C. 

8) Repeat washing with PBS 3x at 5min each. 

9) The next day dilute your secondary antibody in the same dilution as before, and 

incubate in the dark for 1h RT. 

10) Repeat washing with PBS 3x at 5min each. 

11) Remove the cover slip from the 6-well dish and place it cell-side down onto a 

glass slide dotted with a single drop of Vectashield (antifade). 

12) Seal the edges of the cover slip to the glass slide by using fast dry nail polish. 

 

Using the Microscope: 

1) Turn on the following equipment in the correct order and wait for 30min for the 

scope to warm up: i) the mercury lamp, ii) the filter wheel box, iii) the microscope 

bright field, iv) the digital camera, v) the Mac computer.  

2) Open the OpenLab v5.0 software program on the computer (it is on the bottom 

screen scroll menu). 

3) Adjust the microscope filters appropriately to visualize your cells. To start locate 

your cells using the 40x lens and the bright field view only (BF button, aka #3 on 

the button panel to the right of the microscope). The focus is the left knob. 

4) Once you have located your cells turn off the bright field and turn on the 

fluorescence. To do this make sure that the fluorescence filter is on (#1,2 on the 

button panel to the right of the microscope). Also make sure that the rod at the 

base of the microscope is pulled out so the fluorescent light can pass through. 

Turn off the lights, so it is dark! 

5) Final, make sure that you set the button panel on the right of the microscope to the 

correct filter (#2 is DAPI, #3 is FITC, and #4 is TX-RED) and that it is aligned 

with the correct filter wheel position (as indicated on the front of the microscope). 

The filter wheel is located directly under the microscope lenses (#1 is DAPI, #2 is 

FITC, etc). 

6) Once you have a good image you can take a picture of it using the OpenLab 

software. Click on the video camera icon located on the left panel of the screen. 

You can adjust the exposure time, gain, and background using the icons on the 

right side of the screen. To take a picture you need to pull out the rod at the base 

of the eyepiece until you can no longer see your cells through the microscope. 

However, the cells will now appear on the computer screen. 

7) Pictures are black-and-white unless you add the colour via the software scheme. 

There is a colour grid icon on the left hand side of the screen. Click it and select 

the colour you would like to see (usually the same colour as your dye).  

8) To save a picture to the Mac and transport it to the lab PC, click the Grab icon on 

the bottom screen scroll menu. Then select the capture mode from the drop-down 

menu and hit selection. Then drag a box over the picture you want to save and 
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“save as” to the HD drive of the Mac. If you open the picture in the HD drive you 

can convert it to JPEG for easy transfer later. 

9) When you are done turn off everything in the same order it was turned on. Leave 

the microscope off for 30min before you put the protective plastic overtop of the 

microscope. If you don’t wait the heat from the microscope will burn holes in the 

plastic! 

 

Cell Cycle Analysis 

  Cell cycle analysis is performed with a flow cytometer, which is a machine that 

can rapid evaluate the DNA content of a large population of homogenous cells. This is 

achieved by running a suspension of labelled cells [using the DNA stain propidum iodide 

(PI)] through the flow cytometer which in turn, passes them through an internal electronic 

detector that analyses the DNA content of each cell individually. Once an entire sample 

of cells is examined, the flow cytometer can generate graphically the distribution of all 

the cells through each phase of the cell cycle.  

Procedure: 

1) Grow cells in 10cm culture dishes for 24h prior to treatments 

2) Once treatments are finished, remove the medium, wash with PBS, and trypsinize 

the cells. 

3) Collect the trypsinized cells in normal growth media and spin them down at 1200 

RPM for 5min. 

4) Re-suspend the cells in 1mL PBS and count them using a haemocytometer (to 

determine the amount of PI stain to be added).  

5) Fix the cells with 3mL of 70% ethanol and stored overnight at -20°C.  

6) To prepare for analysis, the cells were centrifuged at 1300 RPM for 5min to 

remove the ethanol, washed with 1X PBS and stained with PI solution containing 

100 µL Triton X-100 and 100µL of PI (1mg/mL) in 10mL of 1X PBS.  

7) The cells were then subjected to flow cytometric cell cycle analysis using a 

Beckman Coulter Epics XL flow cytometer. 

 

Statistical Analyses 

 Parametric statistical tests were utilized in this thesis as the data were normally 

distributed and maintained homoscedasticity. The majority of the experiments presented 
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the data as the mean and standard error (SE) of at least 3 independent trials that were 

normalized to their respective untreated control. An unpaired students T test was used to 

detect significant difference between two specific groups (i.e control vs. radiation). When 

more than two groups were being compared, a one-way analysis of variance (ANOVA) 

was utilized to determine main effects between each treatment (i.e. control vs. radiation, 

vs. drug). Differences between groups were considered significant at a P value of <0.05. 

Statistical Package for the Social Sciences (SPSS) version 16.0 software was used to 

calculate these values.    
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Appendix 2: Supporting Experiments 

 
 

Figure A1: SESN1overexpression enhances LKB1 and AMPK levels in MCF7 cells. The 

cells were transiently transfected with 0.05-1 µg Sesn1F vector for 24h, followed by cell 

lysis and western blotting with the indicated antibodies. A representative immunoblot 

from 3 independent experiments is shown. 
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Figure A2: IR-induced expression and activity of AMPK requires SESN1. MCF7 cells 

were treated with SESN1 siRNA for 48h prior to being exposed to a single dose of 8Gy 

IR. The cells were lysed 24h after IR and western blotting was performed with the 

indicated antibodies. A representative immunoblot from 3-4 independent experiments is 

shown.   
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Figure A3: SESN2 overexpression modulates AMPK levels in lung cancer cells. A549 

cells were treated with the indicated concentration of Sesn2F for 48h before cell lysis and 

western blotting with the indicated antibodies. A representative immunoblot from 4 

independent experiments is shown. * = P<0.05 compared to control, ** = P<0.01 

compared to control. 
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Figure A4: IR-induced AMPK modulation requires SESN2 in lung cancer cells. A549 

cells were treated with SESN2 siRNA for 48h prior to being exposed to a single dose of 

8Gy IR. The cells were lysed 24h after IR and western blotting was performed with the 

indicated antibodies. A representative immunoblot from 3 independent experiments is 

shown.   
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Figure A5: SESN2 siRNA decreases AMPK mRNA expression levels. MCF7 cells were 

treated with SESN2 siRNA 72h prior to cell lysis. RT-PCR was then conducted using the 

indicated primers. * = P<0.05 compared to control, ** = P<0.01 compared to control.  
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