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Abstract 

 

Biguanides (e.g. metformin) are commonly used for type 2 diabetes mellitus (T2DM) 

treatment and have been reported to have anti-neoplastic activity. Systemic effects of biguanides 

are chiefly mediated by its effects in the liver, leading to decrease in gluconeogenesis and 

consequent reduction in insulinemia. However, compelling evidence shows that the anti-neoplastic 

effects of biguanides occur at least in part on a cell-autonomous manner by likely targeting 

complex I of the mitochondria. This results in inhibition of oxidative phosphorylation and leads to 

a compensatory increase in cellular glucose uptake. Biguanides also repress the 

mammalian/mechanistic target of rapamycin (mTOR). We have previously shown that metformin 

and mTOR inhibitors (PP242 and rapamycin) affect translation of a number of overlapping 

mRNAs. Unexpectedly, we identified thioredoxin-interacting protein (TXNIP) to be 

translationally repressed by metformin, but not by direct mTOR inhibitors. Independent of its role 

in cellular redox homeostasis, TXNIP functions as a negative regulator of glucose uptake in part 

by directly binding and internalizing GLUT1 and GLUT4.  We hypothesize that the mTOR-

independent suppression of TXNIP expression and subsequent increase in glucose uptake play a 

major role of adaptation of cancer cells to biguanide-induced energy stress. We show in MCF7 

cells that phenformin (a more potent biguanide than metformin) increases glucose uptake and 

decreases TXNIP expression, while torin1 (active-site mTOR inhibitor) shows the opposite effects. 

Of note, both drugs decrease cell proliferation. Inhibition of oxidative phosphorylation by 

phenformin raises AMP/ATP ratio which, in turn, activates AMP-activated protein kinase 

(AMPK). In human, it has been shown that TXNIP residue Ser-308 is phosphorylated by AMPK, 

and as a result increases TXNIP degradation which is mediated by E3 ubiquitin ligase ITCH. In 



 iii 

this study, we aim to link TXNIP expression to the effects of phenformin and torin1 on glucose 

uptake and cell proliferation. To date, we have generated MCF7 cells that constitutively express 

wild-type and Ser-308-Ala mutant TXNIP constructs lacking endogenous promoter and 5’ and 3’ 

untranslated regions (UTRs). In this, we confirmed that a Ser-308-Ala mutation increases stability 

of TXNIP protein. Indeed, Ser-308-Ala TXNIP mutant was more stable than TXNIP wild-type in 

phenformin treated cells. This was paralleled by a ~20% reduction in glucose uptake in cells 

expressing the mutant vs. wild-type form of the protein. Since the overexpressed TXNIP constructs 

were devoid of endogenous transcriptional and translational regulatory elements, these finding 

suggests that phenformin suppression of TXNIP expression occurs at least in part at the level of 

protein stability, and that TXNIP degradation may mediate phenformin-induced increase in 

glucose uptake. We also generated CRISPR/Cas9-mediated TXNIP-deficient MCF7 cells that 

show increase in glucose uptake relative to control cells, confirming previous studies of TXNIP, a 

suppressor of glucose uptake. Deletion of TXNIP in MCF7 cells attenuates the effects of torin1 on 

glucose uptake. Since glucose metabolism plays a major role in cancer, these results suggest that 

TXNIP may play a central role in mediating the effects of biguanides and mTOR inhibitors on 

cancer metabolism. 
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Le résumé 

 

 Les biguanides (par exemple, la metformine) sont couramment utilisés pour le traitement 

du diabète de type 2 et ont été associes à des activités antinéoplasiques. Les effets systémiques des 

biguanides, observés principalement dans le foie, mènent à une diminution de la gluconéogenèse 

et de l'insulinémie. Cependant, il a été montré que les effets antinéoplasiques des biguanides 

agissent directement au niveau cellulaire en ciblant le complexe I de la mitochondrie, inhibant 

ainsi la phosphorylation oxydative. Cela mène a une augmentation compensatoire de l'absorption 

de glucose. Ce processus n’est pas encore bien compris, car la plupart des cancers présentent une 

augmentation de la glycolyse en aérobie (L’effet Warburg) en restant dépendants de la 

phosphorylation oxydative. Cela soulève également des aspects sous-explorés de la dérégulation 

du métabolisme du glucose dans le cancer. Nous avons précédemment montré que les inhibiteurs 

de la metformine et de mTOR (PP242 et rapamycine) perturbent le traductome en régulant la 

traduction de groupes d'ARNm qui se chevauchent. De manière inattendue, nous avons identifié 

que la protéine d'interaction de la thiorédoxine (TXNIP) est réprimée de manière traductionnelle 

par la metformine, mais non par les inhibiteurs de mTOR. Indépendamment de son rôle dans 

l'homéostasie d'oxydo-réduction cellulaire, TXNIP agit en tant que régulateur négatif de 

l'absorption du glucose, en partie en se liant et en intériorisant directement GLUT1 et GLUT4. 

Nous émettons l'hypothèse que les biguanides induisent une reprogrammation métabolique via une 

suppression de l'expression de TXNIP indépendante de mTOR, ce que mène à une augmentation 

ultérieure de l'absorption de glucose. Nous montrons que la phenformine (un biguanide plus 

puissant que la metformine) augmente l'absorption de glucose et diminue l'expression de TXNIP, 

tandis que torin1 (inhibiteur du site actif de mTOR) montre les effets opposés. Il est à noter que 
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les deux molécules convergent vers l'inhibition de la voie mTOR et de la prolifération cellulaire. 

L'inhibition de la phosphorylation oxydative par la phénformine augmente le rapport AMP / ATP 

qui, à son tour, active la protéine kinase activée par l'AMP (AMPK). Il a été démontré que le résidu 

TXNIP Ser-308 est phosphorylé par l'AMPK, ce qui augmente la dégradation de TXNIP via 

l'ubiquitine ligase ITCH E3. Dans cette étude, nous visons à associer l'expression de TXNIP aux 

effets de la phenformine et de la torine1 sur l'absorption du glucose et la prolifération cellulaire. À 

ce jour, nous avons généré des cellules qui expriment TXNIP (non-muté) ou le mutant Ser-308-

Ala. Nous avons également généré des cellules MCF7 déficientes en TXNIP médiées par CRISPR 

/ Cas9, qui montrent une augmentation de l'absorption de glucose par rapport aux cellules 

controles, confirmant les études sur TXNIP, un suppresseur d'absorption de glucose. Les cellules 

MCF7 traitées par Torin1 dépourvues de TXNIP montrent une augmentation de l'absorption du 

glucose, annulant les effets de torin1. Ici, nous montrons que la phenformine peut moduler la 

stabilité de TXNIP, ce qui devrait avoir un impact sur les effets anti-néoplasiques des biguanides. 
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1 – INTRODUCTION 

1.1. Glycolysis  

Glucose is the central carbon source for cellular energetics and generation of building blocks 

such as nucleotides, amino acids and lipids (Burgess, 2011). Glycolysis is the reversible process 

of breaking down glucose to generate 2 ATP molecules along with 2 NADH and 2 pyruvate 

molecules in the cytoplasm (Berg JM, 2002). This metabolic process can occur in normoxia 

(aerobic) or anoxia (anaerobic). Under anoxic conditions, the breakdown of glucose to pyruvate 

produces lactate by NADH-dependent reduction of pyruvate to lactate by lactate dehydrogenase 

(LDH) (Goldblatt and Cameron, 1953), as the end-product. However, in normoxia, pyruvate is 

produced and converted to acetyl-coA for entry into the TCA cycle (Bacci et al., 1985). The 

glycolytic pathway is crucial for the brain due to its dependence on glucose as macronutrient for 

energy. In addition, this metabolic pathway produces intermediates that are linked to 

biosynthetic pathways for nucleotides, amino acids and lipids (Berg JM, 2002). 

 

Upon entry into the cytoplasm, hexokinase or glucokinases initiate ATP and Mg2+-dependent 

phosphorylation of glucose into glucose 6-phosphate (G6P) (Veramendi et al., 2002). G6P is 

utilized in the pentose phosphate pathway to generate ribose-5-phosphate for nucleotide synthesis 

along with nicotinamide adenine dinucleotide phosphate (NADPH) that scavenges reactive oxygen 

species (ROS) (Riganti et al., 2012). G6P is then converted to fructose-6-phosphate by 

phosphohexose isomerase and phosphorylated by phosphofructokinase-1 to produce fructose-1,6-

bisphosphate (FBP), while consuming 1 ATP molecule. Aldolase enzymes then initiate cleavage 

of 6-carbon phosphate FBP to two 3-carbon sugar phosphates to form glyceraldehyde-3-phosphate 

(G3P) and dihydroxyacetone phosphate. Glyceraldehyde-3-phosphate dehydrogenase enzymes 
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convert two G3P intermediates into two 1,3-Bisphosphoglycerate molecules along with two 

NADHs. Consequently, two 1,3-Bisphosphoglycerate intermediates are converted to two 3-

phosphoglycerates by phosphoglycerate kinases and generating two ATPs. Two 3-

phosphoglycerate intermediates are then converted to two 2-phosphoglycerates by 

phosphoglycerate mutase, which is then converted to two phosphoenolpyruvates along with two 

molecules of water. Finally, the phosphoenolpyruvate intermediates are converted into two 

pyruvates along with 2 more ATPs (Berg JM, 2002).  

 

1.2. The Warburg Effect 

In 1924, Otto Warburg noted that the amount of glucose consumed by tumours is elevated 

relative to normal tissues and that this is correlated by the consequent production of lactic acid in 

normoxia (Warburg et al., 1927). The glycolytic pathway generates only 2 ATPs per molecule of 

glucose, however oxidative phosphorylation produces 36-38 ATPs per one glucose molecule (Flier 

et al., 1987). This raises the question of why a less efficient metabolism, at least in terms of ATP 

production, would be preferred by proliferating cells. This observation posed an interesting 

question concerning the supposedly enormous need for ATP in tumours and its overuse of the 

glycolytic pathway. Warburg proposed that cancer cells intensively utilize glycolysis as a 

compensatory mechanism due to defective mitochondria and impaired oxidative phosphorylation. 

Consequently, Warburg and his colleagues arrived at the conclusion that deprivation of oxygen, in 

addition to glucose starvation, could be a potential approach in preventing cancer growth (Warburg 

et al., 1927).  
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In 1929, Warburg’s work was extended by Herbert Crabtree confirming Warburg’s findings of 

increased glycolytic flux in tumours. However, Crabtree also discovered that tumours exhibited 

significant levels of respiration (Crabtree, 1929) and that cancer cells are intensively breaking 

down glucose in the presence of oxygen (aerobic glycolysis). This phenomenon was later coined 

as the “Warburg Effect” by Efraim Racker (Racker, 1972). Racker and his colleagues eventually 

found that the Warburg Effect is regulated by aberrant growth factor signaling, leading to the 

discovery of oncogenes. And thus, Warburg’s initial findings and other works by Crabtree and 

Racker have revolutionized cancer biology (Birnbaum et al., 1987; Boerner et al., 1985; Flier et 

al., 1987; Hiraki et al., 1988). More recently, studies conclusively showed that the Warburg Effect 

was required for tumor growth (Fantin et al., 2006; Shim et al., 1998) and raised possibility of the 

potential of targeting both aerobic glycolysis and oxidative phosphorylation (Birsoy et al., 2015; 

Flaveny et al., 2015; Sullivan et al., 2015; Viale et al., 2014). Aerobic glycolysis is thought of as 

inefficient means to generate ATP and thus the significance of the Warburg Effect is still not fully 

understood, although it is postulated that this mode of metabolic reprogramming serves cancer 

cells to provide sufficient building blocks to support neoplastic growth, while protecting them from 

ROS (REF.. you can add any DeBerardinis review). 

 

1.3. PI3K-AKT-mTOR signaling 

1.3.1. PI3K 

The phosphatidylinositol-4,5-biphosphate 3-kinase (PI3K)-AKT-mTOR signaling 

pathway is the central node that regulates metabolism and cell proliferation among many other 

essential processes  (Kauffmann-Zeh et al., 1997; Laplante and Sabatini, 2009; Yao and Cooper, 

1995) Dysregulation of the PI3K-AKT-mTOR signaling pathway has been associated with 
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pathological states (e.g. cancer and diabetes) (Laplante and Sabatini, 2012; Porta et al., 2014). The 

activation of PI3K/AKT signaling pathway is initiated by insulin and/or growth factors binding to 

insulin or insulin-like growth factor receptors resulting in intracellular phosphorylation of adaptor 

proteins such insulin receptor substrates (IRS1, IRS2, and IRS4) on its tyrosine residues (Haeusler 

et al., 2018). IRS1-2 are predominantly found in most cell types, but in human, IRS4 was found to 

be expressed in brain, thymus, kidney, and liver (Shaw, 2011). The phosphorylated tyrosine 

residues of adaptor proteins recruit the lipid kinase PI3K to the membrane (Domchek et al., 1992). 

PI3K are divided into three classes (I, II, and III). PI3K classes I, II and III phosphorylate the 3′-

OH group of the D-myo-inositol head group to generate specific phosphoinositide forms.  All three 

PI3K classes can generate phosphatidylinositol-3-phosphate (PIP), however, only class I can 

generate phosphatidylinositol-(3,4,5)-trisphosphate (PIP3) (Jean and Kiger, 2014). Class I PI3K 

consists of four catalytic p110 subunits (p110α, p110β, p110γ, and p110δ) that catalyze the 

generation of PIP3. The PI3K regulatory p85 subunits (p85, p55, p50) contain src-homology 2 

(SH2) domains that bind to phosphorylated tyrosine residues of IRS proteins, consequently 

allowing association of PI3K class IA catalytic subunits (p110α, p110β, and p110δ) (Fruman et 

al., 2017). At the membrane PI3K generates phosphatidyl inositol-3,4,5-triphosphate (PIP3) by 

phosphorylation of phosphatidyl inositol-4,5biphosphate (PIP2) (Cantley, 2002). Forming PIP3  

serves as a messenger to recruit AKT to the cell membrane to be activated by phosphorylation by 

PDPK1 (3-phosphoinositide dependent protein kinase 1) (Alessi et al., 1997; Fresno Vara et al., 

2004). In human tumours, the most common PIK3CA mutations responsible for hyperactivated 

PI3K signaling are identified as H1047R and E542K/E545K (Burke et al., 2012; Burke and 

Williams, 2015). 
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1.3.2. AKT/protein kinase B 

Protein kinase B/AKT is a serine/threonine kinase downstream of PI3K that regulates 

pivotal cellular processes including metabolism, proliferation and survival (Myers and Cantley, 

2010; Wan et al., 2007). The tumour suppressor PTEN (phosphatase and tensin homolog) acts to 

block AKT activation by catalyzing dephosphorylation of PIP3 to PIP2 (Stambolic et al., 1998). In 

cancer, AKT activity is often bolstered due to hyperactivation of PI3K, increased expression of 

AKT1 gene, or abrogated PTEN activity (Cheng et al., 2005; Malanga et al., 2008). AKT mediates 

the translocation of glucose transporter GLUT1 and GLUT4 to the cell membrane and promotes 

expression of Glut1 mRNA to the plasma membrane (Barthel et al., 1999; Kohn et al., 1996; 

Wieman et al., 2007). AKT also promotes hexokinase activity to phosphorylate internalized 

glucose molecules, thereby inhibiting their efflux to the extracellular space (Gottlob et al., 2001). 

The enzyme that catalyzes a crucial irreversible glycolytic process, phosphofructokinase (PFK), is 

also potentiated by AKT (Deprez et al., 1997). Tumours monitored by 18F-FDG-PET intensity 

signals show direct correlation with PI3K/AKT signaling activity and can be reversed by PI3K 

inhibitors (Benz et al., 2010; Lheureux et al., 2013). In addition, AKT inhibits forkhead box O1 

(FOXO1) transcription factor by phosphorylation thereby inhibiting gluconeogenesis (Accili and 

Arden, 2004). AKT-mediated phosphorylation deactivates glycogen synthase kinase isoforms 

(GSK3α and GSK3β) indirectly causing glycogen production (Manning and Toker, 2017). Further, 

AKT signaling can mediate glucose uptake in physiological settings whereby targeted deletion of 

AKT1 in the mouse mammary gland attenuates lactation-induced increase in glucose uptake, 

thereby preventing milk production (Boxer et al., 2006). 
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1.3.3. mTOR   

The mechanistic/mammalian target of rapamycin (mTOR) is a serine/threonine kinase that 

forms the catalytic subunit of two distinct multiprotein complexes (mTORC1 and mTORC2) to 

regulate key cellular processes including metabolism, survival, growth and proliferation (Saxton 

and Sabatini, 2017). mTOR complex 1 (mTORC1) regulates both initiation and elongation in the 

mRNA translation processes (Roux and Topisirovic, 2018) by phosphorylating eukaryotic 

translation initiation factors 4E binding proteins (EIF4EBP1-3 in mammals) to prevent EIF4EBPs 

from binding EIF4E thereby allowing EIF4F complex to be formed and proceed to the initiation 

step of mRNA translation (Brunn et al., 1997; Gingras et al., 2001; Sonenberg and Hinnebusch, 

2009). When mTORC1 is inhibited, EIF4EBPs are unphosphorylated and readily bind EIF4E to 

prevent EIF4F complex formation via blocking EIF4E association with EIF4G (Pause et al., 1994).  

 

In addition, the mTOR pathway mediates upstream signaling cues from the PI3K/AKT signaling 

cascade to regulate metabolic reprogramming.  AKT is activated by phosphorylation of both PDK1 

and mTORC2 and, upon activation, phosphorylates TSC complex subunit 2 (TSC2) to form a 

complex with TSC complex subunit 1 (TSC1) and TBC1 domain family member 7 (TBC1D7) 

(Zech et al., 2016). This, in turn, leads to the inhibition of the TSC complex and increased levels 

of GTP-bound RHEB allowing for mTORC1 activation (Long et al., 2005; Sancak et al., 2007). 

Known functions of mTORC2 include regulation of cytoskeleton and survival via phosphorylation 

of AGC protein kinases (Saxton and Sabatini, 2017). More recently mTORC2 was implicated in 

systemic regulation of glucose and lipid metabolism and degradation of newly synthesized 

polypeptides (ADD REF.. recent review from Jachinto maybe, but check whether this is 

mentioned). Mutations in the components of the PI3K-AKT-mTOR pathway have been associated 
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with familial cancer syndromes such as tuberous sclerosis complex (TSC1/2 mutation)(Martin et 

al., 2017), Cowden disease or PTEN hamartoma tumour syndrome (PTEN mutation)(Eissing et 

al., 2019), and Proteus Syndrome (AKT1 mutation)(Lindhurst et al., 2011). Herein, mTORC1 

promotes translation of mRNAs such as HIF1A and MYC, transcription factors that promote 

glucose uptake and glucose metabolism via transcription of genes such as the facilitative glucose 

transporter 1 (GLUT1), lactate dehydrogenase, hexokinase, and pyruvate kinase M2 (PKM2) (Kim 

et al., 2007; Osthus et al., 2000; Shim et al., 1997). The PI3K-AKT-mTOR signaling pathway is 

not the only mechanistic route in facilitating glucose uptake. Ras has been demonstrated to 

promote transcription of GLUT1 mRNA to increase glucose influx and consumption (Murakami 

et al., 1992). Indeed, aberration of growth factor signaling cascades presents an increase in ability 

to facilitate internalization of glucose, a central macronutrient for energy source. 

 

1.4. Glucose uptake in cancer 

Acquiring extracellular nutrients is the mechanism that allows for the fulfillment of 

biosynthetic requirements of cells during proliferation whereby glucose represents one of the 

principal macronutrient for energy supply. The catabolism of glucose fuels the cell with NADH 

(generated in glycolysis) and FADH2 (generated through the TCA cycle) in the electron transport 

chain to generate ATP and synthesize macromolecules that are necessary for growth and 

proliferation. Nearly 100 years since the discovery of the “Warburg Effect”, the increased uptake 

of glucose by tumours has been actively utilized for clinical diagnosis and staging of tumours using 

positron emission tomography-based imaging of the uptake of a radioactive fluorine-labeled non-

hydrolysable glucose analog, 18F-fluorodeoxyglucose (18F-FDG) (Almuhaideb et al., 2011). 

However, the question remains unanswered: Why do cancer cells internalize elevated amounts of 
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glucose? Nutrient internalization is regulated by signaling of growth factors (e.g. epidermal growth 

factor [EGF], insulin-like growth factor [IGF]) and hormones (e.g. insulin) (Thompson, 2011). 

During growth factor starvation, consumption of glucose is inhibited despite copious amount of 

glucose in the culture media in stem cells and neurons and, thereby restricting cellular energy needs 

for growth and proliferation (Lindsten et al., 2003; Rathmell et al., 2000). In addition, glucose 

uptake remains inhibited following overexpression of facilitative glucose transporter GLUT1 and 

hexokinase when growth factors are withdrawn in the presence of abundant glucose. (Rathmell et 

al., 2003). These observations suggest that glucose uptake is driven by growth factor signaling 

input. In cancer, cells acquire genetic mutations that alter activity of upstream kinase signaling 

regulators that result in the independence from extracellular stimuli-driven glucose uptake 

(Hanahan and Weinberg, 2000) 

 

 

1.5. Glucose transporters 

Since Warburg’s observation that tumours consume enormous amounts of glucose relative 

to non-cancerous surrounding tissues, the role of glucose transporters in glucose metabolism is 

highlighted as rate-limiting in facilitating internalization of glucose molecules from the 

extracellular matrix and across the plasma membrane. Transformed cells via sarcoma virus 

infection acquire increased rates of glucose uptake relative to normal cells, and, in turn, causes 

glucose-induced expression of glucose transporters (Hatanaka, 1974). Facilitative glucose 

transporters (GLUTs) require no energy to allow glucose molecules across the hydrophobic cell 

membrane. In mammals, facilitative glucose transporters belong to the solute carrier 2A family 

(SLC2A) and are divided into three classes (Joost et al., 2002; Joost and Thorens, 2001). Each of 
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the glucose transporter proteins possesses different affinities for glucose and other hexoses such 

as fructose. 

1.5.1.  Class I  

Class I of GLUTS is composed of GLUT1, GLUT2, GLUT3, and GLUT4. In addition to GLUT1, 

GLUT3, and GLUT4 having high glucose affinities, increased transport activity of GLUT1 has 

been reported to be due to glycosylation of the protein (Asano et al., 1991; Burant and Bell, 1992; 

Keller et al., 1989). GLUT1 is proposed as the main facilitative glucose transporter for glucose 

uptake and its level of expression varies in different tissues (Birnbaum et al., 1986; Fukumoto et 

al., 1988). GLUT2 expression is found in the liver, intestine, kidney, pancreatic beta-cells, and as 

well as in neurons (Thorens, 2015). The glucose transporter isoform GLUT3 has five-fold higher 

affinity to glucose than GLUT1 and, as glucose is the main carbon source of the brain, GLUT3 is 

predominantly and preferentially expressed in the brain (Flavahan et al., 2013). GLUT4 is 

localized in intracellular compartments and is translocated to the cell membrane of muscle and fat 

cells upon insulin stimulation (Rea and James, 1997). GLUT2 has a relatively lower glucose 

affinity among Class I GLUTs as fructose can also serve as its substrate or transport (Colville et 

al., 1993). 

 

1.5.2.  Class II 

Class II is comprised of the fructose transporter GLUT5 and glucose transporters GLUT7, 

GLUT9, and GLUT11. In human, GLUT5 is the main transporter for fructose and therefore has 

weaker affinity for glucose and possesses high affinity for fructose in the small intestine (Burant 

et al., 1992). GLUT7 expression in human is reported to be in the small intestine and colon and 

has a high affinity (<0.5 mM) for glucose and fructose. However, GLUT7 is localized along the 
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small intestine where glucose and fructose are not readily available for transport and therefore 

suggest possibility of other substrates (Cheeseman, 2008). GLUT9 expression is reported to be 

exclusively in kidney and liver in humans (Phay et al., 2000) and presently lack sufficient studies 

on its activity. In human tissues, GLUT11 expression has been shown to be exclusively located in 

skeletal muscles and the heart and has a glucose affinity and activity that is suppressed by fructose 

presence. This suggests that GLUT11 is dominantly a fructose transporter. Further studies are 

presently lacking on regulation of GLUT11 expression and this may be of interest as exclusive 

expression of GLUT11 in heart and muscle may hint towards glucose metabolism and homeostasis 

in these tissues (Joost and Thorens, 2001). 

1.5.3.  Class III 

Class III is composed of GLUT6, GLUT8, GLUT10, and GLUT12. These are facilitative 

glucose transports variedly expressed in different tissues in human. GLUT6 is predominantly 

expressed in the brain, spleen and peripheral leukocytes (Doege et al., 2000a) in human. Glucose 

transport activity of GLUT6 is poorly characterized but previous evidence shows weak affinity for 

glucose (Doege et al., 2000a). GLUT12 has been previously reported to mediate facilitative 

glucose transport in Xenopus laevis (African clawed frog) oocyte (Rogers et al., 2003). In human, 

expression of GLUT8 is mostly found in testis (Doege et al., 2000b; Ibberson et al., 2000), while 

GLUT10 expression is found in liver and pancreas predominantly (McVie-Wylie et al., 2001). In 

normal adult tissues, GLUT12 expression was detected in insulin‐sensitive tissues, skeletal 

muscle, heart, and fat (Rogers et al., 2002) and was discovered in human breast cancer cell lines 

(Rogers et al., 2002). Presently, class III glucose transporters lack sufficient studies to characterize 

function and regulation of expression.  
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Ras and sarcoma virus-transformed rat fibroblasts were observed to have increased rates in glucose 

influx and GLUT1 expression (Birnbaum et al., 1987; Flier et al., 1987). In addition, src and ras-

transformed mouse fibroblasts were reported to induce GLUT1 expression via enhancer elements 

binding to the promoter (Murakami et al., 1992). In ras and polyoma middle-T-transformed Caco‐

2cells (human colon carcinoma), GLUT1 and GLUT3 (high glucose affinity) expression were 

found to be increased with subsequent increase in glucose uptake, while GLUT2 and GLUT5 (low 

glucose affinity) (Baron-Delage et al., 1996). Breast cancer cell lines represent the most 

extensively used model in GLUT expression studies. GLUT1 represents the predominantly 

expressed GLUT in breast cancer cell lines, in addition to low levels of GLUT2-GLUT5 

expression (Binder et al., 1997; Grover-McKay et al., 1998; Zamora-Leon et al., 1996). Moreover, 

increased GLUT1 expression and activity were also shown to correlate with tumour invasiveness 

(Grover-McKay et al., 1998). Initial studies in GLUT class II and III transporters report glucose 

affinity and uptake in Xenopus laevis oocytes (GLUT8 and GLUT10) and in transfected COS‐7 

cells (GLUT6, GLUT8, and GLUT11) (Dawson et al., 2001; Doege et al., 2000a; Doege et al., 

2000b; Ibberson et al., 2000). 
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1.6. Pharmacological inhibitors of PI3K-AKT-mTOR pathway 

Targeting metabolic vulnerabilities in cancer using kinase inhibitors is of high interest 

(Vander Heiden et al., 2009). Drugs that suppress PI3K-AKT-mTOR signaling have been reported 

to inhibit glucose uptake, a main phenotype denoted by the “Warburg Effect” (Pirola et al., 2003; 

Russell et al., 1999).  

 

1.6.1. PI3K inhibitors 

LY294002 and wortmannin have been extensively used in studies and are considered as 

first PI3K antagonists. Wortmannin is an extract from Penicillium wortmannin and exhibits 

irreversible inhibition of PI3K by targeting catalytic site. The synthetic PI3K inhibitor, 

LY294002, also targets catalytic site but can bind to PI3K reversibly. Both inhibitors 

contributed to many studies regarding significance of PI3K function due to their effective 

inhibition of PI3K activity, but are highly toxic to animals and have weak selectivity for PI3K 

isoforms (Knight et al., 2006; Marone et al., 2008). LY294002 and wortmannin have also paved 

the way for the following new PI3K inhibitors used in clinical trials: BEZ235, BGT226, 

BKM120, XL765, XL147, GDC0941, SF1126, PX-866, CAL-101. Dual PI3K-mTOR 

inhibitors BEZ235 (targets class I PI3K isoforms), BGT226, XL765 (solid tumour treatment), 

and SF1126 (low toxicity LY294002-derivative for solid tumour treatment) have entered Phase 

I clinical trials (Garcia-Echeverria and Sellers, 2008; Garlich et al., 2008; Marone et al., 2008; 

Serra et al., 2008). GDC0941 has been reported to exhibit potent inhibition of tumorigenesis in 

patients with advanced solid tumours and is under Phase I clinical trials. Class I PI3K isoform-

selective inhibitors BKM120, PX-866 (inhibits p110α, p110δ and p110γ), and CAL-101 
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(selectively targets p110γ) are also under Phase I clinical trials (Ihle et al., 2005; Maira et al., 

2008). 

1.6.2. AKT inhibitors 

AKT inhibitors that have potent anti-tumour effects are categorized into three groups: 

lipid-based phosphatidylinositol analogs, allosteric, and ATP-competitive inhibitors. The 

clinically promising lipid-based phosphatidylinositol analogs include perifosine (D-21266) and 

PX316 (Gills and Dennis, 2004; Hilgard et al., 1997). Perifosine inhibits AKT activation by 

binding to phosphatidyl inositol-3,4,5-triphosphate (PIP3) and is currently under clinical trials 

(Hilgard et al., 1997). PX316 hold promising anti-proliferative results in tumour cells with high 

PI3K-AKT signaling activity (Gills et al., 2006). The inhibitory effects of both perifosine and 

PX316 non-selectively targets all isoforms of AKT. GSK690693 is a non-selective ATP-

competitive AKT inhibitor with working doses at nanomolar concentrations conveying low 

toxicity effects. Both lipid-based phosphatidylinositol analogs and ATP-competitive AKT 

inhibitors display non-selective AKT inhibition as their limitations. Allosteric-binding AKT 

inhibitors have been developed to address this limitation and some of the drugs in clinical trials 

include: AKTi-1/2, MK-2206, and triciribine (Lindsley et al., 2008). AKTi-1/2 is an allosteric 

inhibitor of AKT1 and AKT2 isoforms that has shown encouraging anti-tumour effects 

(Chandarlapaty et al., 2011; Puglisi et al., 2014). An analog of AKTi-1/2, MK2206, has passed 

through Phase I clinical trials for treatments in patients with solid tumours. Finally, triciribine, 

a small cell-permeable nucleotide and allosteric inhibitor of AKT isoforms AKT1, AKT2, and 

AKT3 has been reported to exhibit potent anti-proliferative effects and induced apoptosis in 

cancer cells with altered PTEN activity and hyperactivated AKT (Yang et al., 2004). Triciribine 
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is also used in studies to overcome drug-resistant ovarian cancer cell and has entered phase I of 

clinical trials (Yang et al., 2008). 

1.6.3. mTOR inhibitors 

In the PI3K-AKT-mTOR signaling cascade, the mTOR pathway is the first to be targeted 

with the discovery of rapamycin (sirolimus), a bacteria derived antifungal agent and the first 

mTOR inhibitor used in research (Vezina et al., 1975). The potential of rapamycin was its 

immunosuppressive properties and anti-tumour effects (Faivre et al., 2006; Guertin and 

Sabatini, 2007; Hay, 2005; Sabatini, 2006; Yatscoff et al., 1993). Rapamycin is an allosteric 

inhibitor of mTORC1, which at least acutely does not affect mTORC2 (Sabatini, 2006 #388). 

Rapamycin associates with FK506-binding protein 12 (FKBP12) and binds to FKBP12-

rapamycin binding (FRB) domain on mTOR preventing phosphorylation of mTOR downstream 

substrates (Saxton and Sabatini, 2017). However, mTORC2 is insensitive to rapamycin (unless 

exposure is prolonged) because mTORC2 cannot be bound and inhibited by the FKBP12-

rapamycin complex due to structural placement of SIN1, one of the defining components of 

mTORC2 (Stuttfeld et al., 2018). Rapamycin analogs (rapalogs), everolimus and temsirolimus, 

mechanistically inhibit mTOR like rapamycin but have been reported to have improved results 

in cancer treatment (e.g. renal cell carcinoma) relative to rapamycin (Pal and Quinn, 2013). 

However, these allosteric mTOR inhibitors exhibit low dose response to advanced breast cancer 

and glioma (Faivre et al., 2006). In human, S6K has been shown to inhibit insulin signaling by 

directly phosphorylating IRS1 on Ser-270 (Zhang et al., 2008). In this, rapamycin-induced 

inhibition of mTORC1, not only inhibits S6K-IRS1 feedback, but also negates inhibitory Ser-

639 on IRS1 in addition to decreased activation of IRS1 inhibitory Ser-789. Ultimately, this 
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allows for increased AKT activity that may reduce anti-neoplastic activity of rapamycin 

(Zakikhani et al., 2010). More recently, it has been demonstrated that rapamycin and rapalogs 

incompletely inhibit some of the mTORC1 outputs (see below), whereby their inability to fully 

inhibit phosphorylation of EIF4EBPs has been linked to their relatively modest anti -

proliferative effects (Dowling et al., 2010). 

ATP-competitive mTOR inhibitors, TORKinibs such as torin1, INK128 and Ku-0063794 show 

inhibition of both mTORC1 and mTORC2 and present promising anti-neoplastic effects. The 

dual inhibition of mTORC1 and mTORC2 by TORkinibs and torin1 is considered of interest as 

mTORC2 plays a key role in the full activation of AKT via phosphorylation of Ser-473 and thus 

necessary for the PI3K-AKT pathway (Sarbassov et al., 2005). Therefore, mTOR inhibitors that 

target both complexes of mTOR can also effectively target PI3K-AKT signaling by hindering 

AKT activation. Relative to rapamycin, and TORKinibs have been reported to exhibit more 

effective inhibition of cell growth and proliferation in cancer due to their enhanced inhibition 

of mTORC1 activity (in particular EIF4EBPs) and cap-dependent translation (Feldman et al., 

2009; Thoreen et al., 2009). Allosteric and ATP-competitive mTOR inhibitors have paved the 

way for the third generation mTOR inhibitor called rapalink-1. Rapalink-1 is a mTOR inhibitor 

that inhibits mTOR allosterically, but also in an ATP-competitive manner (Roux and Topisirovic, 

2018). Third generation mTOR inhibitors can efficiently suppress AKT signaling in addition to 

inhibition of mTOR-mediated phosphorylation of downstream substrates (Benjamin et al., 2011). 
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1.7. Biguanides 

French lilac extracts that were traditionally used for diabetes treatment in Europe (Hu et 

al., 2001), were found to be rich in guanidine, which is a toxic compound, and was consequently 

discontinued due to the widespread use of insulin (Fryer et al., 2002; Zhou et al., 2001). The 

application of biguanides continued in the 1950s with metformin (Saha et al., 2004), phenformin 

(Carlson and Kim, 1973) and buformin (Beg et al., 1973) as anti-hyperglycemia agents, but 

buformin intake was lesser relative to the widely adopted phenformin (Ingebritsen et al., 1978; 

Zhou et al., 2001). Phenformin is more potent than metformin but was eventually withdrawn from 

use due to rare but serious adverse effects of lactic acidosis (Carling et al., 1987; Munday et al., 

1988), while metformin thrived and became one of the most widely used agents in the treatment 

of type II diabetes (Pollak, 2017).  

 

Interestingly, previous reports have also shown that type 2 diabetic patients subject to metformin 

treatment presented lower cancer risks relative to the use of other anti-diabetic agents in 

retrospective epidemiological studies (Bowker et al., 2006; Evans et al., 2005). Other reports 

presented decrease in cancer incidence and cancer-related mortality in adult diabetic patients 

taking metformin regularly (Bowker et al., 2006; Decensi et al., 2010; Evans et al., 2005; Landman 

et al., 2010; Libby et al., 2009; Monami et al., 2009). However, while these retrospective studies 

led to increased research related to biguanides as potential antineoplastic agents, not all follow-up 

studies agreed with the early findings (Suissa, 2017). In addition to retrospective studies, clinical 

trials have also been performed in non-diabetic patients where they show anti-proliferative effects 

of metformin in colonic epithelium (Hosono et al., 2010). Furthermore, metformin has low chances 

of fatality (severe hypoglycemia or lactic acidosis) even after intake of excessive dosage with 
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suicidal intent (Junien et al., 1981; McLelland, 1985). AMP-activated protein kinase (AMPK) is 

as serine/threonine kinase responsible for sensing cellular energy status (Lin and Hardie, 2018). 

When nutrients are limiting, AMPK represses ATP-consuming processes for energy conservation 

(Lin and Hardie, 2018). Metformin has also been reported to have anti-proliferative effects in many 

cell and mouse tumour models wherein it is observed to activated AMPK and repress mTOR 

signaling (Ben Sahra et al., 2008; Buzzai et al., 2007; Cantrell et al., 2010; Dowling et al., 2007; 

Gotlieb et al., 2008; Isakovic et al., 2007; Zakikhani et al., 2006). Notably, metformin also induces 

apoptosis in a few other cancer cell lines (Cantrell et al., 2010; Isakovic et al., 2007; Liu et al., 

2009). However, randomized clinical trials have not revealed clinical benefit when metformin was 

added to standard chemotherapy regimes for advanced cancer (Kordes et al., 2015). 

 

It was revealed that the mitochondrial complex I may represent the chief target of biguanides. 

Biguanides inhibit oxidative phosphorylation by targeting complex I of the electron transport chain 

and binding reversibly to its hydrophilic-hydrophobic domain interface (Andrzejewski et al., 2014; 

Bridges et al., 2014). At a systemic level, biguanides accumulate in the liver which coincided with 

downregulation of oxidative phosphorylation in hepatocytes. This causes energetic stress and 

subsequent activation of AMPK (Foretz et al., 2010; Shaw et al., 2005), inhibition of 

gluconeogenesis and, as a secondary consequence, a reduction in insulinemia (Pollak, 2013). At 

the cellular level, metformin and other lipophilic biguanides enter cells via organic cation 

transporter 1 (OCT1) and therefore the bioactivity of lipophilic biguanides varies between different 

cells due to difference in OCT1 expression (Segal et al., 2011). Moreover, upon entry metformin 

is unevenly distributed in the cells where it appears to mostly accumulate in the mitochondria 
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(Pollak, 2013). Ultimately, biguanide-induced suppression of ATP synthesis by oxidative 

phosphorylation promotes compensatory increase in glucose uptake. 

 

1.8. AMPK  

The interest in AMPK initially ignited when reports showed that AMPK was activated by 

exercise in both rat and human skeletal muscle (Fujii et al., 2000; Winder and Hardie, 1996; 

Wojtaszewski et al., 2000), where AMPK activation was shown to be LBK1-dependent in 

conditions of decreased cellular energy (Sakamoto et al., 2005). In the absence of LKB1 during 

muscle contraction, AMPK remains inactive and is thus unable to repress ATP-consuming 

processes for energy conservation. In all eukaryotes, AMPK is formed as heterotrimeric complexes 

that consist of catalytic α subunits (two isoforms: α1 and α2), regulatory β subunits (two isoforms: 

β1 and β2) and regulatory γ subunits (three isoforms: γ1, γ2, and γ3) (Lin and Hardie, 2018). The 

catalytic α subunits comprises the serine/threonine kinase domains at their N termini, where the 

residue Thr-172 in the activation loop is located for LBK1-mediated phosphorylation. The 

regulatory β subunits contain a C-terminal domain (β-CTD) that interacts with regulatory γ 

subunits. β subunits also have carbohydrate-binding modules (β-CBM) that bind to glycogen or 

starch, but its physiological role is unclear. Lastly, the regulatory γ subunits contain a motif with 

four tandem repeats responsible for binding AMP, ADP, and ATP. In its inactive form, ATP is 

normally bound to the γ subunit of AMPK. When AMPK is activated, the γ subunit binds 

AMP/ADP allowing a conformational change to expose Thr-172 in the activation loop for LBK1-

mediated phosphorylation (reviewed in (Lin, 2018 #315)).    
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The discovery of AMPK manifested due to acetyl-CoA carboxylase and 3-hydroxy-3-

methyl (HMG)-CoA reductase inactivation in the presence of ATP (Beg et al., 1973; Carling et 

al., 1987; Carlson and Kim, 1973). AMPK is as serine/threonine kinase that plays a principal role 

in sensing cellular energy status. AMPK remains inactive unless phosphorylated by LKB1 on Thr-

172 located within the activation loop on the α subunit in an AMP-dependent manner (Hardie et 

al., 1999; Hawley et al., 2003; Hawley et al., 1996; Shaw et al., 2004; Stein et al., 2000). LKB1 

was initially identified as a mutated gene in patients with Peutz-Jeghers syndrome (PJS) 

(Hemminki et al., 1998; Jenne et al., 1998). It was later reported that patients with PJS correlated 

with increased risk of malignant tumours (Boudeau et al., 2003; Giardiello et al., 1987) and paved 

the way to the idea of LKB1 as a tumour suppressor. Initial investigations involved the constitutive 

overexpression of LKB1 in cancer cells with somatically mutated (lung adenocarcinoma) or no 

LKB1 expression (HeLa) and resulted in suppressed proliferation (Sanchez-Cespedes et al., 2002; 

Tiainen et al., 1999). These findings linked LKB1, as a tumour suppressor gene, to the role of 

AMPK in cancer. 

 

Independent of LKB1, AMPK was also shown to be activated by calmodulin-dependent protein 

kinase kinases (CaMKKs) (Hawley et al., 1995) in HeLa cells where LKB1 is not expressed 

(Hawley et al., 2005; Hawley et al., 1995; Hurley et al., 2005; Woods et al., 2005). Studies that 

lead to identifying AMPK downstream targets (e.g. acetyl-CoA carboxylase and HMG-CoA 

reductase) involved the use of AICAR, an intermediate in purine biosynthesis that activates AMPK 

(Gadalla et al., 2004). AMPK has been shown to inhibit energy-consuming key anabolic pathways 

such as gluconeogenesis (Lochhead et al., 2000), fatty acid synthesis (Sullivan et al., 1994) 

cholesterol synthesis (Corton et al., 1995; Henin et al., 1995), and protein synthesis (Bolster et al., 
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2002; Horman et al., 2002; Inoki et al., 2003; Kimura et al., 2003; Krause et al., 2002). In addition 

AMPK can also promote catabolic pathways such as autophagy (Lindqvist et al., 2018), fatty acid 

oxidation (Merrill et al., 1997; Velasco et al., 1997), as well as fatty acid uptake (Luiken et al., 

2003), and glucose uptake (Barnes et al., 2002; Merrill et al., 1997). The potential use of drugs 

that enhance insulin sensitivity such as biguanides for treatment of type 2 diabetes (insulin-

insensitive) then became attractive due to findings relating to AMPK activation (Fryer et al., 2002; 

Hawley et al., 2002; Saha et al., 2004; Zhou et al., 2001). LKB1 has been shown to play an 

important role in biguanide-induced AMPK activation (Hawley et al., 2003; Sakamoto et al., 

2005). Indeed, its role as a master regulator of metabolism provided the link for AMPK to be a 

potential target for drugs used in type 2 diabetes treatment (Winder and Hardie, 1999). 

Interestingly, previous reports have also shown that type 2 diabetic patients subject to metformin 

treatment presented lower cancer risks relative to the use of other anti-diabetic agents (Bowker et 

al., 2006; Evans et al., 2005). 
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1.9. Thioredoxin-interacting protein (TXNIP) 

1.9.1. Initial findings 

Thioredoxin-interacting protein (TXNIP) was discovered in 1994 by DeLuca’s group in 

1,25-dihydroxyvitamin D-3-treated HL-60 cells (human promyeloblasts) and was initially named 

vitamin D3 upregulated protein 1 (VDUP1) (Chen and DeLuca, 1994).  This study revealed that 

TXNIP mRNA was upregulated by 1,25-dihydroxyvitamin D3 treatment and remains elevated for 

24h (Chen and DeLuca, 1994). The work of DeLuca’s group was later confirmed by Yodoi’s group 

in 1999 and reportedly added that TXNIP plays a role in an important redox system by interacting 

with the thioredoxin (TRX) in its reduced state. TRX is of the main components of the thiol 

reducing system to scavenge reactive oxygen species (ROS) (Nishiyama et al., 1999). In addition, 

1,25-dihydroxyvitamin D3-induced increase in TXNIP levels in HL-60 cells and/or 

overexpression of TXNIP in COS-7 (SV40-transformed Cercopithecus aethiops fibroblasts) and 

HEK293 (human embryonic kidney cells) cell lines resulted in suppressed TRX activity and 

expression (Nishiyama et al., 1999). Other studies showed that mutation of Cys32 and Cys35 on 

TRX prevented its association with thereby suggesting that TXNIP interacts with TRX catalytic 

site (Junn et al., 2000). The molecular mechanism of the anti-oxidative function of TXNIP via its 

interaction with TRX was later reported as a de novo intermolecular interaction of 

TXNIP(Cys247)-TRX(Cys32) forming a disulfide bridge (Hwang et al., 2014). Moreover, TXNIP 

dissociates from TRX in the presence of increased levels of ROS (Hwang et al., 2014). In the 

cytoplasm, apoptosis signal-regulating kinase 1 (ASK-1) and TRX are normally bound to each 

other thereby preventing ASK-1-mediated apoptosis (Saitoh et al., 1998). Thus, in addition to TRX 

inhibition, TXNIP-TRX interaction also promotes ASK-1-mediated apoptotic pathways (Junn et 

al., 2000). TXNIP induction is triggered by H2O2 treatment (Junn et al., 2000) thereby suggesting 
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its role in mediating oxidative stress. Also, other studies showed that TXNIP induction in 

hyperglycemia-induced oxidative stress is mediated my p38 MAPK (Schulze et al., 2004). 

Altogether, these studies initially highlighted a key role of TXNIP in regulating ROS by binding 

to TRX, a key component of a redox system necessary for signaling, cell survival, and proliferation  

(Saitoh et al., 1998; Yoshihara et al., 2014). 

 

Independent of its role in redox reactions, TXNIP plays a principal role in glucose metabolism 

(Chen et al., 2010; Gorgens et al., 2017; Han and Ayer, 2013; Parikh et al., 2007; Stoltzman et al., 

2011; Wu et al., 2013) and is highly involved in the development of diabetes (Minn et al., 2005; 

Muoio, 2007). In addition, TXNIP has been reported to serve a crucial part in senescence and aging 

(Cadenas et al., 2010; Sharma et al., 2017; Zhuo de et al., 2010) and has been thought to exert 

tumour suppressive properties in certain types of cancer (Baker et al., 2008; Goldberg et al., 2003; 

Han et al., 2003; Morrison et al., 2014; Nishinaka et al., 2004; Sheth et al., 2006). Below is the 

outline of all presented findings that have introduced TXNIP as a potential therapeutic target in 

pathological states ranging from diabetes to cancer. In addition, we present a graphical summary 

orchestrating the effects of biguanides and mTOR inhibitors on TXNIP expression and its role in 

glucose uptake and cell proliferation. 

  

1.9.2. The role of TXNIP in glucose metabolism 

TXNIP was identified as the most upregulated glucose-induced gene in a study using DNA 

microarrays in human islets and showed that overexpression of TXNIP in pancreatic beta-cells 

induced apoptosis (Minn et al., 2005). Indeed, in diabetic/insulin-resistant mice, TXNIP was 

reported to have elevated expression (Minn et al., 2005) (Chen et al., 2008).  In support of this 
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evidence, TXNIP-null Akita mice (type 1 diabetic mice) were observed to have low blood glucose 

levels and consequent increase in survival (Huy et al., 2018). A decrease in glucose-induced 

apoptosis was also observed in TXNIP-deficient islets. In addition, TXNIP function was described 

to promoting pancreatic β-cell apoptosis in the context of ER stress-mediated activation of NLRP3 

inflammasome (Anthony and Wek, 2012). In this, TXNIP-induction by suppression of miR-17 is 

achieved during activation of PERK-IRE1α axis via the unfolded protein response (UPR) pathway 

in response to endoplasmic reticulum (ER) stress (Lerner et al., 2012). These findings suggest that 

TXNIP may be linked to glucose toxicity and beta-cell apoptosis in diabetes and ER-stress related 

human diseases such as Wolfram Syndrome (Oslowski et al., 2012). In other studies, TXNIP was 

shown to be transcriptionally induced by a carbohydrate response element (ChoRE) transcription 

factor complex MondoA-MLX suggesting that TXNIP is a glucose responsive gene and plays an 

important part in glucose metabolism (Yu and Luo, 2009). Interestingly, glutamine, a non-essential 

amino acid carbon source for energy in cell growth and survival, was demonstrated to 

downregulate TXNIP transcription by recruiting a histone deacetylase-dependent corepressor to 

associate with MondoA (Kaadige et al., 2009). However, TXNIP repression was reportedly 

observed in the presence of abundant glutamine and glucose promoting glucose uptake for cell 

growth and proliferation (Kaadige et al., 2009).  

 

A significant finding on TXNIP revealed its role in negatively regulating insulin-dependent and 

insulin-independent internalization of glucose molecules from the extracellular space in human 

skeletal muscles (Parikh et al., 2007). Insulin-stimulated activation of AKT leads to 

phosphorylation and activation of downstream target FOXO1 transcription factor (Zhang et al., 

2006). Intriguingly, FOXO1 transcription factor has been reported as a transrepressor factor 
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inhibiting TXNIP transcription by binding to TXNIP promoter in both human and mouse pancreatic 

β-cells (Kibbe et al., 2013). These findings support the claim that insulin stimulation suppresses 

hyperglycemia-induced TXNIP expression to promote glucose uptake and prevent pancreatic beta-

cell apoptosis in human and mouse (Shaked et al., 2009; Wu et al., 2013). Mechanistically, it 

appears that TXNIP-mediated suppression of glucose uptake entails clathrin-mediated endocytosis 

of GLUT1 (Wu et al., 2013) and GLUT4 (Waldhart et al., 2017). It suggests thatglucose-induced 

TXNIP expression suppresses glucose uptake to re-establish energy homeostasis during GLUT1 

and GLUT4-mediated rapid glucose influx in insulin-independent and insulin-dependent 

conditions respectively. In vivo studies of glucose metabolism using TXNIP-null mice reported 

cases of hypoglycemia and hypoinsulinemia relative to control littermates (Chutkow et al., 2008). 

Intriguingly, it has been demonstrated that TXNIP inhibits insulin transcription factor MAFA by 

promoting miR-204 expression via inhibition of signal transducer and activator of transcription 3 

(STAT3) expression (Xu et al., 2013). Other studies showed that the transcription factor complex 

MondoA-MLX serves as a sensor of glucose-6-phosphate converted by hexokinases from glucose, 

thereby allowing translocation of MondoA-MLX into the nucleus to bind to the TXNIP promoter 

(Stoltzman et al., 2008). This suggests that TXNIP acts as a gate keeper of glycolytic flux to 

prevent rapid consumption of glucose in normal cells. In addition, TXNIP suppression in 

conditions of compromised cellular energy status in studies, using inhibitors of oxidative 

phosphorylation in HEK293 cells, may hint a role in mediating compensatory increase in glucose 

uptake for source of cellular energy (Yu et al., 2010). 

  

Mechanisms of regulation of TXNIP expression also remain unclear. AMPK is a serine/threonine 

kinase that plays a principal role in detecting changes in cellular energy (Lin and Hardie, 2018). 
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In conditions of compromised cellular energy, AMPK is activated to suppress anabolic pathways 

to limit ATP consumption (Lin and Hardie, 2018) review and promote glucose uptake (Barnes et 

al., 2002; Kurth-Kraczek et al., 1999; Merrill et al., 1997). The mechanism behind AMPK-

mediated induction of glucose uptake is linked to TXNIP suppression. It was reported that 

activated AMPK phosphorylates TXNIP on Ser-308 which recruits ITCH, an E3 ubiquitin ligase, 

for TXNIP polyubiquitination and subsequent degradation via ubiquitin-proteasome pathway (Liu 

et al., 2016; Ohtake et al., 2018; Wu et al., 2013). Regulation of TXNIP stability was reported to 

be mediated by ITCH via interaction with two PPxY motifs on TXNIP (Liu et al., 2016). In 

addition to AMPK-mediated TXNIP regulation, TXNIP suppression can also be mediated by AKT 

phosphorylation on Ser-308 promoting its proteasomal degradation during insulin-stimulated 

glucose uptake (Waldhart et al., 2017). In support of this evidence, TXNIP suppression was readily 

observed upon insulin stimulation, contrary to the dramatic TXNIP induction in response to 

glucose-stimulation (Parikh et al., 2007). The mechanistic/mammalian target of rapamycin 

(mTOR) has been extensively shown to be involved in glucose metabolism pathways (Kim et al., 

2007; Osthus et al., 2000; Shim et al., 1997). Interestingly, a study has implicated mTORC1-

mediated glucose uptake to TXNIP transcriptional regulation. In this study, MondoA was described 

to be sequestered by mTOR in the cytoplasm preventing its binding to TXNIP promoter whereby 

the inhibition of mTOR reverses this mechanism which leads to increase in TXNIP levels (Kaadige 

et al., 2015). Moreover, TXNIP was also reported to inhibit mTORC1 via ATF4-induced REDD1 

expression in response to stress signals (Jin et al., 2011).  In this, REDD1 stabilization by TXNIP 

inhibits mTOR by promoting assembly of TSC complex thereby inhibiting mTOR activity.  
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1.9.3. TXNIP in cancer 

Evidence of the implication of TXNIP in cancer was initially observed with its marked 

downregulation in breast, lung, and stomach cancers (Han et al., 2003). TXNIP expression in many 

cancer cell lines have also been observed to be suppressed relative to their non-transformed 

counterparts (Jeon et al., 2005; Kwon et al., 2010; Masaki et al., 2012; Nishinaka et al., 2004). In 

different cancer cell models, ectopic TXNIP overexpression leads to increased apoptosis (Baker 

et al., 2008), decreased metastasis (Goldberg et al., 2003), and cell-cycle arrest at G0/G1 phase 

(Han et al., 2003). Moreover, in culture conditions where serum is deficient, cell-cycle arrest and 

suppressed cell proliferation also correlated with elevated TXNIP expression (Han et al., 2003). In 

addition, it has been shown that TXNIP-deficiency resulted in increased cell proliferation in human 

and mouse fibroblasts (Jeon et al., 2005). In vivo studies have also shown that TXNIP-null mice 

are more susceptible to diethylnitrosamine-induced hepatocarcinogenesis relative to littermate 

wildtype controls (Kwon et al., 2010). To corroborate this finding, TXNIP deficiency has also 

shown enhanced transforming growth factor beta (TGF-beta) signaling and consequently 

promoting epithelial-mesenchymal transition (EMT) in human cancer cell lines (Knoll et al., 2014; 

Masaki et al., 2012). Another evidence shows that constitutive overexpression of TXNIP in thyroid 

cancer cells results in a decrease in tumour size and metastasis in mouse models (Morrison et al., 

2014). TXNIP expression is also correlated with better overall survival rates in breast cancer 

patients (Nie et al., 2015); see below).  

 

Human epidermal growth factor receptor 2 (HER2)-driven breast cancer cell lines BT474 and 

SKBr3 have been presented with low levels of TXNIP expression. In this, treatment with HER-

1/HER-2 inhibitors cetuximab, trastuzumab, and lapatinib resulted in increased TXNIP expression 
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and induced cell-cycle arrest and apoptosis (Nie et al., 2015).  Notably, in triple negative breast 

cancer patients, MYC/TXNIP gene signature ratio has been reported as a prognostic marker for 

overall survival and tumour metastasis, whereby low MYC expression with high TXNIP 

expression results in better clinical outcome and increased survival and remains true for the 

contrary (high MYC/low TXNIP) (Shen et al., 2015). An important finding revealed that 

hyaluronidase-induced extracellular remodeling results in TXNIP suppression and consequent 

increase in glucose uptake highly needed for cell migration and invasion during tumorigenesis 

(Sullivan et al., 2018). Altogether, these findings present the significance of TXNIP expression as 

a putative tumour suppressor gene (TSG), which remains mechanistically poorly understood. 
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2 – OBJECTIVE 

 

Biguanides (e.g. metformin) are widely used for treating type 2 diabetes and have been reported 

to exhibit anti-neoplastic activity (Bailey and Turner, 1996; Pollak, 2010; Zakikhani et al., 2006). 

Biguanides are thought to target oxidative phosphorylation by inhibiting mitochondrial complex I 

(Bridges et al., 2014). In turn, this leads to increase in AMP/ATP levels and activation of AMP- 

activated protein kinase (AMPK) (Hardie, 2011). AMPK activation downregulates energy 

consumption, in part by suppressing translation via mTOR (Hay and Sonenberg, 2004; Hsieh et 

al., 2012; Proud, 2013). Moreover, inhibition of oxidative phosphorylation by biguanides causes 

an energetic stress that is compensated by increased glucose uptake. However, the underpinning 

mechanism(s) are not clearly defined. We have previously shown that metformin and mTOR 

inhibitors regulate translation of a number of overlapping mRNAs (Larsson et al., 2012). 

Surprisingly, we also identified mRNAs, including Thioredoxin-interacting protein (TXNIP), that 

are translationally repressed by metformin but not by mTOR inhibitors (Larsson et al., 2012). 

Independent of its role in redox homeostasis, TXNIP is identified as a negative regulator of glucose 

uptake (Parikh et al., 2007), in part by directly binding and internalizing GLUT1 when excess 

glucose is present (Wu et al., 2013). The objective of this study is to understand the role of TXNIP 

in mediating the effects of biguanides and mTOR inhibitors on the glucose uptake and neoplastic 

growth as presented by the graphical summary of relevant findings (Figure 1). 
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Figure 1 – Schematic presentation of the role of TXNIP in the effects of biguanides and mTOR 

inhibitors on glucose uptake.  

Biguanide-induced (e.g. phenformin) energetic stress by inhibiting mitochondrial complex I 

(Bridges et al., 2014) raises AMP/ATP ratio and thereby activates LKB1 to phosphorylate and 

activate AMPK (Hardie, 2011). The activation of AMPK occurs when resources are limiting to 

reduce energy-consuming processes (Lin and Hardie, 2018). This is in part achieved when 

activated AMPK induces TSC1/2 complex to inhibit mTOR activity and consequently reducing 

anabolic processes (Hay and Sonenberg, 2004; Hsieh et al., 2012; Proud, 2013). Alternatively, 

mTOR activity is also inhibited using allosteric (e.g. rapamycin) (Sabatini, 2006) and ATP-

competitive mTOR inhibitors (e.g. torin1) (Thoreen et al., 2009). Torin1 and other active-site 

mTOR inhibitors target both mTOR complexes 1 (mTORC1) and 2 (mTORC2) (Sarbassov et al., 

2005), while rapamycin and its analogs only inhibit mTORC1 (Pal and Quinn, 2013). The effects 

of both biguanides and mTOR inhibitors converge on mTOR, the central regulator of key processes 

for cell growth and proliferation but impinge opposing effects on TXNIP expression and 

consequently on glucose uptake (Figure 1). Independent of its role in regulating TRX activity in 

scavenging reactive oxygen species (ROS), TXNIP is a negative regulator of glucose uptake. 

Biguanides have been shown to downregulate TXNIP expression through ubiquitination and 

proteasomal degradation initiated by AMPK phosphorylation on TXNIP on Ser-308. Increased 

expression of TXNIP with mTOR inhibitors has been shown to be transcriptionally regulated, 

wherein mTOR inhibition allows the sequestered transcription factor complex MondoA-Mlx to 

bind to the TXNIP promoter. With this, the use of biguanides shows increase in glucose uptake, 

while mTOR inhibitors shows an opposite effect. 
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3 – METHODOLOGY 

 

Cell Lines and Cell Culture Conditions 

MCF7 cells were cultured in Roswell Park Memorial Institute medium (RPMI 1640; Wisent #350-

000-CL), supplemented with 10% heat-inactivated fetal bovine serum (Wisent), 1% 

penicillin/streptomycin (Wisent; #450-201-EL) and 2mM L-Glutamine (Wisent, #609-065-EL) to 

obtain 4mM L-Glutamine final concentration. HEK293 (Gandin et al., 2016) and HeLa (ATCC 

#CCL-2) cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Wisent #319-005-

CL), supplemented with 10% heat-inactivated fetal bovine serum (Wisent), 1% 

penicillin/streptomycin (Wisent; #450-201-EL) and 2mM L-Glutamine (Wisent, #609-065-EL) to 

obtain 6mM L-Glutamine final concentration. Where indicated, cells were treated 

with phenformin hydrochloride (Sigma) and torin1 (Tocris Bioscience). 

 

Generation of cell lines overexpressing TXNIP wildtype and mutant (SER-308-ALA)  

Wild-type (Knoll et al.) and mutant (SER-308-ALA) thioredoxin-Interacting protein (TXNIP) 

CDS (NorClone Biotech Labs) were subcloned into neomycin-resistant lentiviral vector 

pLV[Exp]-Neo-CMV (by Vector Builder #VB160727-1030erw). Lentiviral supernatants were 

generated as described at https://portals.broadinstitute.org/gpp/public/resources/protocols. 

Supernatants were applied on target cells with polybrene (6 μg/mL). MCF7 cells were infected 

every 24 hours for 3 days (total of 3 rounds of infection), selected with G418 (1 mg/mL, Bio Basic) 

for 72 hours. 
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Proliferation and Cell Viability Assays 

For the bromodeoxyuridine (BrdU) incorporation assay (Cell Proliferation ELISA BrdU Kit from 

Roche), MCF7 cells were seeded in 96-well plates (4000 cells/well) and maintained as indicated 

in the figure legends of Figure 4 for 72h. Preliminary results were performed once (n=1), including 

media and DMSO (vehicle) control wells, as per the manufacturer’s instruction. Absorbance at 

370nm (reference wavelength 492nm) was measured using a Benchmark Plus microplate reader 

(Bio-Rad). Viable cell count was performed as previously described (Gravel et al., 2014). Briefly, 

MCF7 cells were seeded in 6-well culture plates (1.0x105 cells/well), treated 24h later as indicated 

in figure legends of Figure 4 for 72 hours, prior to trypsinization and trypan blue staining (1:1 v/v 

ratio). Viable cell number were counted using an automated cell counter (Invitrogen) for the 

indicated samples and were normalized to those obtained for vehicle-treated cells (control cells). 

Data are expressed as a percentage of inhibition relative to control cells. 

 

Reverse Transcription – Quantitative Polymerase Chain Reaction (RT-qPCR) 

 RNA was extracted using Trizol (Thermo Fisher Scientific) according to manufacturer’s 

instructions. RT-qPCR was performed as previously described (Miloslavski et al., 2014). RT and 

qPCR were performed by SuperScript III Reverse Transcriptase and Fast SYBR Green Mastermix 

(Invitrogen), respectively. Experiments were done at least in 2 independent experiments (n = 2) 

whereby every sample was analyzed in a technical triplicate.  

Analyses were carried out using relative standard curve method as described 

in http://www3.appliedbiosystems.com/cms/groups/mcb_support/documents/generaldocuments/c

ms_040980.pdf. Primers are listed in the Table 1 and the Key Resources Table. 
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Primer Sequence (5’-3’) 

Human_TXNIP (FWD) TGTTCATTCCTGATGGGCGG 

Human_TXNIP (Gorgens et al.) TGGCCATTGGCAAGGTAAGT 

Human_CCND3 (FWD) CTGGATCGCTACCTGTCTTG 

Human_CCND3 (Gorgens et al.) AGGCAGTCCACTTCAGTGC 

Human_ACTB (FWD) ACCACACCTTCTACAATGAGC 

Human_ACTB (Gorgens et al.) GATAGCACAGCCTGGATAGC 

Human_GAPDH (FWD) TGTTGCCATCAATGACCCCTT     

Human_GAPDH (Gorgens et al.) CTCCACGACGTACTCAGCG 

 

Table 1. List of RT-qPCR primers used.  Primers were designed via NCBI Primer Blast. All primer 

efficiencies were verified through standard curves using template cDNA generated from MCF7 

cells. Primer length, melting temperature, and GC content were optimized to 20-24bp, 55-65oC, 

and 40-60% respectively. 

Western Blotting and Antibodies 

Cells were washed in cold 1X PBS and were harvested on ice prior to centrifugation at 2000 RPM 

in 4C to pellet harvested cells. Samples on ice were resuspended in lysis buffer [50mM Tris/HCL 

pH 7.4, 5mM NaF, 5mM Na pyrophosphate, 1mM EDTA, 1mM EGTA, 250mM mannitol, 1% 

(v/v) triton x-100, 1mM DTT, 1X complete protease inhibitors (Roche), 1X PhosSTOP (Sigma-

Aldrich)]. Protein concentrations in cell extracts were determined using Pierce BCA Protein 

Assay Kit (Thermo Fisher Scientific) and samples were prepared in 4X Laemmli buffer recipe. 

Proteins were resolved by SDS-PAGE, and then transferred to nitrocellulose membranes (Bio-

Rad). The following primary antibodies were used: anti-TXNIP (NBP1-54578) from Novus, anti-

β-actin (Clone AC-15) #A1978, anti-HA #H6908, from Sigma (Saint Louis, Missouri, USA); anti-

TXNIP (D5F3E) #14715, anti-4E-BP1(53H11) #9644, anti-p-4E-BP1 (Ser65) (174A9) #9456, 

anti-rpS6 (5G10) #2217, anti-p-rpS6 (Ser240/244) #2215, anti-S6K (49D7) #2708, anti p-S6K 

(Thr389) (#9234), anti-GAPDH (14C10) #2118, all from Cell Signaling Technologies (CST) 

(Danvers, MA, USA); Antibodies were diluted in 5% (w/v) BSA or 5% (w/v) non-fat dry milk 
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(depending on the manufacturer’s instructions), in 1X TBS/0.5%Tween-20, at the following 

dilutions: 1:1000 dilution for anti-TXNIP (D5F3E) (CST #14715, anti-HA #H6908 (Sigma), anti-

p-4E-BP1 (Ser65) (174A9) (CST #9456), anti-S6K (49D7) (CST #2708), anti p-S6K (Thr389) 

(CST #9234); and 1:5000 dilution for anti-β-actin (Clone AC-15) (Sigma #A1978) and anti-

GAPDH (14C10) (CST #2118). Membranes were incubated with antibodies overnight at 4°C. 

Horseradish peroxidase-conjugated anti-rabbit IgG and anti-mouse IgG antibodies were from 

Amersham Biosciences (Baie d’Urfé) and were used at 1:5,000 dilution in 5% (w/v) non-fat dry 

milk in 1XTBS/0.5%Tween 20 for 1 hour at room temperature. Signals were revealed 

by chemiluminescence (ECL, GE Healthcare) on Azure C300 chemiluminescent western blot 

imaging system (Azure Biosystems). Where possible, the membranes were stripped and re-probed. 

 

Glucose Consumption Assay 

MCF7 cells were seeded in 6-well plates and cultured in complete medium for 24h in order to 

obtain 80% density. Medium was replaced with 0.5 ml of indicated treatment media, and cells 

were cultured for 6h. Subsequently, supernatant samples were collected, and cells were counted 

by trypan blue exclusion. Measurement of glucose concentration in samples was done as 

previously described (Gravel et al., 2014). Total consumption was calculated by subtracting results 

from baseline glucose concentration, measured in samples from media incubated in identical 

conditions, without cells. Molar concentrations of glucose were multiplied by total media 

volume/well (0.5 ml) and normalized by cell count; data were expressed as μM glucose/μg of 

protein/h, or normalized relative to DMSO control.  
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Polysome profiles and RT-qPCR  

Briefly, MCF7 cells were seeded in two 15cm Petri dish, harvested at 80% confluency and lysed 

in hypotonic lysis buffer (5mM Tris HCl pH7.5, 2.5mM MgCl2, 1.5mM KCl, 100 µg/ml 

cycloheximide, 2mM DTT, 0.5% Triton, 0.5% Sodium Deoxycholate). Polysome-profiling was 

carried out as described (Gandin et al., 2014). Fractions were collected as described in (Gandin et 

al., 2014) and RNA was extracted using Trizol (Thermo Fisher Scientific) according to 

manufacturer’s instructions. RT-qPCR was performed as previously described (Miloslavski et al., 

2014). RT and qPCR were performed by SuperScript III Reverse Transcriptase and Fast SYBR 

Green Mastermix (Invitrogen), respectively. Experiments were done at least in independent 

duplicates (n=2) whereby every sample was analyzed in a technical triplicate. Analyses were 

carried out using relative standard curve method as described in 

http://www3.appliedbiosystems.com/cms/groups/mcb_support/documents/generaldocuments/cm

s_040980.pdf. Polysome to 80S ratios were calculated by determining integrated area under the 

curve of 80S (monosome) peak and comparing to the integrated area under curve corresponding 

to heavy polysome peaks (>3 ribosomes). 

 

 

 

 

 

 

 

 

http://www3.appliedbiosystems.com/cms/groups/mcb_support/documents/generaldocuments/cms_040980.pdf
http://www3.appliedbiosystems.com/cms/groups/mcb_support/documents/generaldocuments/cms_040980.pdf
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4 – RESULTS 

4.1 TXNIP expression correlates to ameliorated survival rate in different cancer types 

Kaplan-Meier plots, adapted from kmplot.com (Lanczky et al., 2016), show two 

populations (low and high TXNIP) of patients in different cancer types - cervical squamous 

carcinoma, kidney renal clear cell carcinoma, breast cancer, sarcoma, and uterine corpus sarcoma. 

Hazard ratio (HR) refers to the measure of the effect of high TXNIP expression on outcome 

(survival rate). Except for breast cancer, HR for all other cancer types were roughly 0.5 

independently of the stage or cancer subtype (Figure 2). This indicates that half as many patients 

with high TXNIP expression will have better probability of survival. In support of these Kaplan-

Meier plots, a number of studies have outlined tumor-suppressive TXNIP functions and linked its 

high expression with improved prognosis (Nie et al., 2015; Shen et al., 2015; Sullivan et al., 2018). 
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Figure 2 – Clinical outcome of patients with different cancer types correlated to TXNIP 

expression.  

Kaplan-Meier plots adapted from kmplot.com (Lanczky et al., 2016) displaying survival rates for 

patients with tumors with high (Osthus et al.) or low (black) TXNIP expression for the indicated 

malignancies are shown. Corresponding hazard ratio (HR) with a 95% confidence interval are 

shown in the upper right corner of each plot. HR represents probability of death of patients with 

high TXNIP expression relative to patients with low TXNIP expression. Values plotted represent 

RNAseq data including patients of all races, gender, and stages of corresponding cancer type. 
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4.2 TXNIP expression is suppressed by phenformin and is induced by torin1 

We next treated MCF7 cells with phenformin and torin1 for 2h and conducted RT-qPCR 

for total TXNIP RNA and 8h treatment for western blots to determine TXNIP protein levels, 

respectively (Figure 3A-B). In this, we note that 2h is sufficient to observe dramatic 

downregulation of TXNIP mRNA by phenformin (300µM), whereby the opposite effect was noted 

for torin1 (250nM) inasmuch as it induced TXNIP transcript levels (Figure 3A). In addition, we 

also monitored the effects of the drugs on TXNIP levels by western blot in other cell lines 

HEK293E and HeLa, in addition to MCF7 (Figure 5B). We first gather results consistent with 

previous findings that these drugs (phenformin and torin1) (Bridges et al., 2014; Pollak, 2013; 

Sarbassov et al., 2005; Thoreen et al., 2009), converge in the inhibition of mTORC1 activity 

((Kalender, 2010 #354)(Thoreen et al., 2009), but interestingly show opposing effects on TXNIP 

expression. Ribosomal protein S6 (RPS6) is phosphorylated on Ser-240/244 via the mTORC1/S6 

kinase axis (Banerjee et al., 1990). Phenformin treatments suppressed phosphorylation of RPS6 

on Ser-240/244 which was the most dramatic in HEK293E cells (Figure 3B). Torin1, an ATP-

competitive active-site inhibitor of mTOR complexes 1 and 2 (Thoreen et al., 2009), abolished 

mTORC1 activity as marked by a sharp decrease in phosphorylation of ribosomal protein S6 

(RPS6) on Ser-240/244 and eukaryotic initiation factor 4E-binding protein 1 (EIF4EBP1) on Ser-

65 in all three cell lines tested (Figure 3B). In this, the role of TXNIP in glucose uptake and its 

change in expression following phenformin and torin1 treatments may hint that TXNIP could 

mediate the opposing effects of these drugs on glucose uptake. 
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Figure 3 - Characterizing the effects of mTOR inhibitor and biguanides on TXNIP expression.  

(A) MCF7 cells were treated with 300μM phenformin, 250nM torin1, and their combination for 

2h. Total TXNIP mRNA levels were determined by RT-qPCR and normalized to ACTB. ACTB 

mRNA levels normalized to GAPDH (ACTB/GAPDH ratio) are shown as additional housekeeping 

control. Error bars represent SD. Data are presented as fold change relative to vehicle (DMSO) 

and are representative of three independent replicates (n=3). (B) MCF7, HEK293E, and HeLa cells 

were treated for 8h as indicated in (A). The expression and phosphorylation status of indicated 

proteins were determined by western blot with β-actin as a loading control. Data presented are 

representative of two independent replicates (n=2).  
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4.3 Torin1 induces TXNIP expression in part by upregulating translation. 

Using polysome profiling/DNA microarray approach to capture changes in translation on 

a genome-wide scale, we have previously identified thioredoxin-interacting protein (TXNIP) mRNA 

to be translationally repressed by metformin but not by mTOR inhibitors in MCF7 cells (Larsson 

et al., 2012). To validate this previous finding (Figure 4A), we treated MCF7 cells for 6h with 

phenformin and torin1 and subjected the cells to polysome fractionation. Polysome fractionation 

is based on ultracentrifugation of cytosolic extracts on 5-50% sucrose gradients which allows 

separation of mRNAs based on the number of ribosomes they bind (Gandin et al., 2014). 

Translational efficiency of mRNA is directly proportional to the number of ribosomes it associates 

with (Masvidal et al., 2017). Using polysome fractionation, we generated fractions corresponding 

to subpolysomal, light polysomal, and heavy polysomes to probe for TXNIP, CCND3, ACTB 

mRNAs by RT-qPCR. In torin1-treated cells, we showed that TXNIP mRNA distribution is 

concentrated in the fractions corresponding to heavy polysomes relative to vehicle control (Figure 

4B). This signifies that TXNIP is translationally upregulated when treated with mTOR inhibitors 

relative to vehicle control (DMSO). Our previous data showed metformin-induced suppression of 

TXNIP mRNA translation (Larsson et al., 2012). Herein, however we observed that phenformin, a 

more potent biguanide, failed to induce a major effect on TXNIP mRNA translation. We used 

ACTB for negative control and CCND3 as positive control for translational regulation in 

phenformin and torin1 treatments (Figure 4B), as cyclins of type D and E have been previously 

reported to have MTOR-dependent translation (Graff et al., 2008). Prior to loading into sucrose 

gradients, 10% of the total lysates were kept as input controls and were subjected to RNA 

extraction for RT-qPCR. Cells were also plated and treated for 6h as indicated for western blot 

control in parallel with cells for polysome fractionation. We showed that phenformin decreases 
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total TXNIP RNA, while torin1 increased it (Figure 4C) and the same effect can be observed at the 

protein level (Figure 4E).  
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Figure 4 – Translational regulation of TXNIP expression in MCF7 cells.  

(A) Nanostring analysis of translational activity following treatment with metformin, PP242 

(active-site mTOR inhibitor), and rapamycin (allosteric mTOR inhibitor) in MCF7 cells - adapted 

from (Larsson et al., 2012). The heatmap represents expression of mRNAs regulated at the 

translational level following treatment with inhibitors. Values are presented as fold change in log2 

relative to vehicle control (DMSO). Brightest green represents the highest fold increase while 

brightest red represents the highest fold decrease in translation (B-D) MCF7 cells were treated 

with a vehicle (DMSO), 600uM phenformin, and 250nM torin1 for 6h. Subpolysomal, light, and 

heavy polysome fractions were obtained by ultracentrifugation using 5%–50% sucrose gradients. 

Placements of 40S and 60S ribosomal subunits, monosome (80S), and polysomes in the 

absorbance profiles (254 nm) are shown (B).  The percentage distribution of indicated mRNAs in 

the fractionated lysates (C) and the corresponding total mRNA levels (input) (D) were determined 

by RT-qPCR. (E) MCF7 cells were plated and treated in parallel to the conditions in B-D. Levels 

of indicated proteins were determined by western blot. Data in all panels are representative of two 

independent replicates (n=2). 
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4.4 Phenformin and Torin1 suppress cell proliferation, but have opposite effects on glucose 

uptake 

Phenformin and torin1 are indirect and direct mTOR inhibitors, respectively and have been 

previously shown to inhibit cell proliferation (Thoreen et al., 2009; Zakikhani et al., 2006) but 

have opposite effects on glucose uptake (Iversen et al., 2017; Kaadige et al., 2015). As expected, 

phenformin treatment increases glucose uptake, while torin1 decreases it (Figure 5A). In support 

of previous studies (Thoreen et al., 2009; Zakikhani et al., 2006), we showed, using trypan blue 

exclusion/cell counting method, that phenformin (Figure 5B) and torin1 (Figure 5C) treatment in 

increasing concentration have effectively inhibited cell proliferation after 72h of treatment. These 

results have been validated by BrdU method. 
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Figure 5 - Effects of torin1 and phenformin on glucose uptake and cell proliferation.  

(A) MCF7 cells were treated with a vehicle (DMSO), 600uM phenformin, and 250nM torin1 for 

6h. Glucose uptake rate was determined by monitoring the change in glucose concentration in 

media with cells versus cell-free media and normalized to vehicle (DMSO). Data are presented as 

mean ± SD (n=2). (B) MCF7 cells were treated with a vehicle (H2O) and increasing concentration 

of phenformin (20, 100, 500, 2500 µM; presented in log10) for 72h. Viable cells were counted by 

trypan blue exclusion and presented as percentage inhibition relative to vehicle control (n=2). 

(C)  MCF7 cells were treated with a vehicle (DMSO) and increasing concentration of torin1 (10, 

50, 250, 1250 nM; presented in log10) for 72h. Viable cells were counted by trypan blue exclusion 

and presented as percentage inhibition relative to vehicle control (n=2). 
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4.5 Suppression of TXNIP expression, partly by reducing stability, may be required for 

phenformin-induced increase in glucose uptake 

Phenformin causes energetic stress by inhibiting mitochondrial complex I, thereby 

increasing AMP/ATP ratio which leads to the induction of AMPK (Hardie, 2011). TXNIP 

expression is reported to be regulated at the level of protein stability, whereby activated AMPK 

phosphorylates TXNIP on Ser-308 for ubiquitination by E3 ubiquitin ligase ITCH and subsequent 

proteasomal degradation (Wu et al., 2013). Consistent with these findings, we treated MCF7 cells 

with phenformin and induced AMPK activation as illustrated by the increase in phosphorylation 

on Thr-172 which was paralleled by a modest decrease TXNIP (Figure 6A). TXNIP expression 

can also be transcriptionally regulated by mTOR, whereby mTOR sequesters MondoA-Mlx 

transcription factor and preventing its binding to the TXNIP promoter. Hence, mTOR inhibition 

leads to an increase in TXNIP transcript levels (Chau et al., 2017; Kaadige et al., 2015). However, 

post-transcriptional regulation of TXNIP expression remains underexplored.  

 

To investigate TXNIP expression control by phenformin and torin1, we next generated MCF7 cells 

that constitutively express empty vector control, wild-type TXNIP, and Ser-308-Ala mutant 

TXNIP via lentiviral transduction. These HA-tagged constructs lack endogenous promoters and 

UTR’s (devoid of 5’ and 3’ UTR’s), which facilitates investigating the effects of drugs on TXNIP 

stability, because it is not expected that these constructs will be affected at the level of transcription 

or translation. We starved MCF7 cells with constitutive TXNIP expression (WT and Ser-308-Ala) 

of glucose or serum for 24h. Post-starvation, we stimulated the cells with fresh media containing 

glucose or FBS with the addition of a vehicle (DMSO), phenformin, or torin1 for 6h and extracted 
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proteins (Figure 6). Remarkably, the levels of exogenous Ser-308-Ala mutant TXNIP is about 2-

fold higher than the exogenous wild-type construct, suggesting that the Ser-308-Ala mutation on 

TXNIP increased its stability (Figure 6A-C).  Moreover, we observed that TXNIP is upregulated 

in serum-starved cells which is reversed by serum stimulation (Figure 6A and 5C).  We also noted 

that TXNIP is reduced in glucose-starved cells and is induced upon glucose stimulation (Figure 

6B). Here we show that phenformin treatment may allow for a reduction in exogenous wild-type 

TXNIP similar to its effects on endogenous TXNIP, however the Ser-308-Ala mutant TXNIP 

levels appears to remain largely unaltered (Figure 6A-C). Torin1 treatment increased endogenous 

TXNIP (Figure 6A-B) but did not show any changes to the exogenous constructs. In brief, this 

suggests that phenformin does, at least in part, regulate stability of TXNIP protein and that torin1 

requires endogenous promoters and UTRs to regulate TXNIP expression.  

 

Previously, we presented results showing phenformin treatment increases glucose uptake, while 

torin1 decreases it (Figure 5A). To determine whether TXNIP mediates the effects of phenformin-

induced increase in glucose uptake, we measured the change in glucose levels in the media post-

treatment with phenformin in MCF7 cells with constitutive exogenous TXNIP expression (WT 

and Ser-308-Ala mutant). Cells that constitutively express wild-type TXNIP show no difference 

in phenformin-induced glucose uptake relative to control cells (vector control) (Figure 6D). In 

cells expressing Ser-308-Ala mutant TXNIP, however, glucose uptake induction by phenformin 

seems to be attenuated by roughly ~20% (Figure 6D). This suggests that phenformin-induced 

increase in glucose uptake may require suppression of TXNIP expression. Moreover, in torin1-

treated Ser-308-Ala TXNIP mutant-expressing cells, we observe no notable difference in glucose 

uptake rate relative to wildtype TXNIP-expressing cells (Figure 6D). Notably, we have also shown 
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that phenformin inhibits cell proliferation (Figure 4B). Of note, the effects of the attenuated 

glucose uptake in Ser-308-Ala TXNIP mutant-expressing cells following phenformin treatment 

were observed in cell proliferation. In this, cells with Ser-308-Ala TXNIP mutant potentiates the 

inhibitory effects of phenformin on cell proliferation (Figure 6E). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 55 

  

 



 56 

 



 57 

Figure 6 - Determining the regulation of TXNIP expression and its role in mediating the effects of 

phenformin on glucose uptake and cell proliferation. 

MCF7 cells with constitutively overexpressed TXNIP (WT and SER-308-ALA) were starved of 

(A) glucose (0.5mM glucose, 10%FBS) or (B) serum (10mM glucose, 0% FBS) for 24h and 

stimulated with fresh media supplemented with 10mM glucose (A) or 10%FBS (B) and containing 

a vehicle (DMSO), 600uM phenformin, or 250nM torin1 for 6h. Protein levels were determined 

by western blot. Data are representative of two independent replicates (n=2). TXNIP antibody 

(mouse host) used is from NOVUS (NBP1-54578). (C) MCF7 cells with constitutive TXNIP 

expression were starved, stimulated, and treated as in A. The expression and phosphorylation 

status of indicated proteins were determined by western blot with β-Actin as loading control. Data 

presented are representative of three independent replicates (n=2). TXNIP antibody (rabbit host) 

used is from Cell Signaling Technology (CST) (#14715). (D) MCF7 cells constitutively expressing 

wild-type and SER-308-ALA mutant TXNIP were treated as indicated for 6h. Glucose uptake rate 

was determined by monitoring the change in glucose concentration in media with cells versus cell-

free media and normalized to vehicle (DMSO). Data are presented as mean ± SD (n=2). (E)  MCF7 

cells were treated with a vehicle (H2O) and increasing concentration of phenformin (20, 100, 500, 

2500 µM; presented in log10) for 72h. Viable cells were counted by trypan blue exclusion and 

presented as percentage inhibition relative to vehicle control (n=2). 
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4.6 Investigating the potential role of TXNIP in mediating effects of inhibitors of the PI3K-

AKT-MTOR pathway on glucose uptake and proliferation in MCF7 cells. 

Phenformin and torin1 are indirect and direct mTOR inhibitors, respectively, and have been 

previously shown to inhibit cell proliferation (Thoreen et al., 2009; Zakikhani et al., 2006) but 

have opposite effects on glucose uptake (Iversen et al., 2017; Kaadige et al., 2015). In support of 

previous studies (Thoreen et al., 2009; Zakikhani et al., 2006), we showed that phenformin and 

torin1 treatment in increasing concentration have effectively inhibited cell proliferation via trypan 

blue exclusion after 72h of treatment (Figure 4B-C). Torin1 is an ATP-competitive mTOR 

inhibitor that targets both mTORC1 and mTORC2 (Thoreen et al., 2009). The significance of this 

finding allows us to understand torin1-induced disruption of the PI3K-AKT signaling as full AKT 

activation requires phosphorylation on both T308 (by PDPK1) and S473 by mTORC2. Previous 

studies have shown TXNIP upregulation when treated with PI3K-AKT pathway inhibitors (Hong 

et al., 2016). In support of this finding, we show that, in addition to torin1, inhibitors of the PI3K-

AKT-MTOR pathway promotes increase in TXNIP expression (Figure 7A). In this, we use MK-

2206, a dual AKT1/AKT2 inhibitor, and GDC-0941, a PI3K inhibitor, to perturb signaling in the 

PI3K-AKT-MTOR pathway.  

 

To determine whether TXNIP mediates the effects of torin1-induced suppression of glucose uptake 

and cell proliferation, we measured the change in glucose levels in the media and cell proliferation 

post-treatment with torin1 in CRISPR/Cas9 TXNIP-knockout MCF7 cells (clones 6 and 11) 

relative to control cells (CTR). We observed that TXNIP-deficient (clone 11) cells have increased 

rates of glucose uptake relative to control cells (Figure 7B). More importantly, we suggest that 

torin1-induced suppression of glucose uptake may not mediated by TXNIP (Figure 7B) and that 
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TXNIP also does not mediate the effects of torin1 on cell proliferation (Figures 6C). However, 

these experiments need to be repeated for a solid claim and temporarily remains as suggestive 

rather than conclusive due to inefficient number of replicates and potential escape of TXNIP 

expressing cells. In addition, the inhibitory effects of AKT inhibitors on cell proliferation may also 

not TXNIP-mediated, despite induction of TXNIP following treatment with MK-2206 (Figure 

7D). Intriguingly, the effects of GDC-0941 on cell proliferation were exacerbated in TXNIP-

deficient MCF7 cells (Figure 7E). Moreover, we sought to answer whether TXNIP deficiency-

induced increase in glucose uptake offers an advantage in phenformin-treated inhibition of 

mitochondrial complex I and subsequent suppression of cell proliferation. In this, we show 

negative data suggesting no changes in cell proliferation in TXNIP-deficient cells (clone 11) versus 

control cells, when treated with phenformin (Figure 7F). To confirm our negative findings on 

TXNIP mediating the effects of torin1 on cell proliferation (Figure 7C), we sought to investigate 

if the findings were reproducible using a different clone for TXNIP-deficient MCF7 cells (clone 

6). We note that, in TXNIP-deficient (clone 6) MCF7 cells, the effects of mTOR inhibitors, in 

addition to torin1, on cell proliferation seem to remain unchanged relative to wild-type control 

MCF7 cells (Figures 6G, 6I, 6J). We also show negative results in Figure 7F suggesting no 

differences in cell proliferation in TXNIP knockout cells (clone 6) versus control cells, when 

treated with phenformin (Figure 7H). Altogether, data generated from these experiments remain 

suggestive and are highly required to be repeated to determine statistical significance and claim 

conclusive statements.  
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Figure 7 - The role of TXNIP in mediating effects of mTOR inhibitors (rapamycin, torin1, and 

INK128), AKT inhibitor MK-2206, and PI3K inhibitor GDC-0941 on cell proliferation.  

(A) MCF7 control (CTR) and TXNIP-KO (clone 11) cells were treated with torin1, MK-2206, and 

GDC-0941 as indicated for 6h. Protein levels were determined by western blot (n=2). (B) MCF7 

control (CTR) and TXNIP-KO (clone 11) cells were treated with torin1 (250nM) for 6h. Glucose 

uptake rate was determined by monitoring the change in glucose concentration in media with 

versus cell-free media and normalized to vehicle (DMSO). Data are presented as mean ± SD (n=2). 

(C-F) MCF7 cells were treated with increasing concentration of torin1 (C), MK-2206 (D), GDC-

0941 (E), and phenformin (F), as indicated for 72h. Viable cells were counted by trypan blue 

exclusion and presented as percentage inhibition of CTR and TXNIP KO (clone 11) cells relative 

to vehicle control (n=2). MCF7 cells were treated as indicated with increasing concentration of 

phenformin (G), rapamycin (allosteric mTOR inhibitor) (H), INK128 (active-site mTOR inhibitor) 

(I), and torin1 (J) for 72h. Viable cells were counted by trypan blue exclusion and presented as 

percentage inhibition of CTR and TXNIP KO (clone 6) cells relative to vehicle control (n=2). 

Figure panels H-K are representative of one replicate of clone 6 cells to validate results obtained 

from clone 11 (n=1). Proliferation curves are presented in semi-log (log10). 
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5 – DISCUSSION 

 Warburg’s observation that tumours have increased glucose uptake relative to 

surrounding tissues formulated conclusions of dysfunctional mitochondria and oxidative 

phosphorylation, ultimately promoting compensatory glucose influx for cellular energy needs 

(Warburg et al., 1927). Since then, many studies confirmed Warburg’s findings, but also reported 

that oxidative phosphorylation in cancer was not dysfunctional, contrary to Warburg’s conclusions 

(Crabtree, 1929). Altogether, these findings suggest unexplored areas of glucose metabolism in 

cancer. The interest of TXNIP initially came to light due to its downregulation in cancers relative 

to normal tissues (Han et al., 2003). Intriguingly, these initial findings brought light to the idea of 

the role of TXNIP as a tumour suppressor gene. TXNIP was first reported as a negative regulator 

of thioredoxin activity, a major anti-oxidant (Nishiyama et al., 1999). However, independent of  

its role in redox systems, a significant finding presented the role of TXNIP in negatively regulating 

glucose influx (Parikh et al., 2007). Therefore, high expression of TXNIP and its role suppressing 

glucose uptake may provide a link to understand glucose metabolism in cancer. We aimed to 

elucidate the role of TXNIP in mediating the effects of biguanides (phenformin) and mTOR 

inhibitors (torin1) on glucose uptake and cell proliferation, and ultimately on neoplastic growth. 

The particular choice to study TXNIP function in phenformin and torin1 treatment conditions was 

due to previously reported study by our group that TXNIP was translationally suppressed by 

metformin but upregulated by mTOR inhibitors, rapamycin (allosteric) and PP242 (active-site) 

(Larsson et al., 2012). Notably, this suggests that both inhibitors can regulate TXNIP expression 

at the mRNA translation level. In support of our previous study, we addressed this question by 

conducting polysome fractionation experiments on MCF7 cells treated with phenformin and torin1 

to determine changes on the TXNIP mRNA distribution in between treatments across the 
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subpolysomal, light, and heavy polysome fractions (>3 ribosomes). In this, we report that TXNIP 

was not translationally suppressed by phenformin, but TXNIP translation was indeed upregulated 

by torin1. The latter finding validates our previous nanostring data of the translatome showing 

TXNIP upregulation by mTOR inhibitors. Overall, TXNIP expression appears to be regulated at 

multiple levels, via mTOR-dependent and independent mechanisms. 

 

TXNIP is induced by glucose stimulation and has been shown to be highly expressed among 

hyperglycemic mice models (Koenen et al., 2011; Parikh et al., 2007). Previous studies on TXNIP 

reported its expression to be transcriptionally suppressed when oxidative phosphorylation is 

inhibited (Yu et al., 2010). Phenformin induces energetic stress by inhibiting mitochondrial 

complex I, thereby increasing AMP/ATP ratio (Bridges et al., 2014) and consequently suppressing 

TXNIP levels. Consistent with previous reports (Waldhart et al., 2017; Wu et al., 2013), we show 

that in addition to transcriptional suppression, phenformin also in part suppresses TXNIP at the 

level of protein stability. The protein level difference between HA-tagged wild-type and Ser-308-

Ala mutant TXNIP constructs appears to be barely 2-folds between control (DMSO) conditions, 

indicating that Ser-308-Ala mutation on TXNIP could confer increased protein stability. We also 

provide evidence that a Ser-308-Ala mutation on TXNIP attenuates phenformin-induced TXNIP 

suppression observed in overexpressed wild-type TXNIP constructs in phenformin treated vs. 

control, vehicle (DMSO) treated cells. As previously reported, AMPK phosphorylates TXNIP on 

Ser-308 which targets it for ubiquitination by E3 ubiquitin ligase ITCH and subsequent 

degradation by proteasome (Wu et al., 2013). To address whether AMPK is linked to TXNIP 

phosphorylation on Ser-308 for increased proteasomal degradation, we will determine the effects 

of phenformin treatment on TXNIP expression using AMPK1/2 knock-out mouse embryonic 
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fibroblast (MEF) cells previously used in (Laderoute et al., 2006). It is important to note, however, 

that in HeLa cells phenformin still decreases TXNIP levels in the absence of the LKB1 (Figure 

5B) which is a kinase thought to be necessary for AMPK activation by phenformin (Shaw et al., 

2004). Independent of AMPK, this signifies that TXNIP may be linked to another regulatory 

pathway in biguanide-induced compromised cellular energy status. TXNIP expression can also be 

transcriptionally regulated, whereby mTOR sequesters MondoA-Mlx transcription factor 

preventing its binding to the TXNIP promoter (Chau et al., 2017; Kaadige et al., 2015). Hence, 

mTOR inhibition leads to an increase in TXNIP mRNA levels. To validate past studies, we provide 

evidence that torin1 induces TXNIP mRNA and that TXNIP expression cannot be regulated by 

torin1 when devoid of endogenous promoters and UTRs. HA-tagged wild-type and Ser-308-Ala 

mutant TXNIP levels in MCF7 cells were not altered by torin1 treatment. 

 

Biguanides have been shown to have anti-proliferative effects in cancer cells and these effects are 

potentiated with low glucose availability (Algire et al., 2011). The mechanistic/mammalian target 

of rapamycin (mTOR) is a master regulator of growth and proliferation, hence its inhibition by 

mTOR inhibitors (torin1) leads to a decrease in cell proliferation (Shimobayashi and Hall, 2014; 

Thoreen et al., 2009). In support of previous studies, we also provide evidence of the anti-

proliferative effects of biguanides and mTOR inhibitors. Biguanides induce energetic stress via 

inhibition of mitochondrial complex I leading to an ATP deficit (Bridges et al., 2014). In addition 

to complex I, biguanides may also target and inhibit complex II and IV as shown by using 

phenformin in isolated rat liver mitochondria (Drahota et al., 2014). This biguanide-induced 

suppression of mitochondrial ATP production is compensated by an increase in glucose uptake 

necessary to fuel proliferation. The molecular underpinnings of this biguanide-induced 
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compensatory mechanism and torin1-induced, however, remain elusive. Moreover, inhibition of 

mTOR by torin1 causes suppression of ATP-consuming processes but induces TXNIP expression 

and consequently suppresses glucose uptake. It is notable that the effects of both inhibitors on 

glucose uptake correlate with phenformin and torin1-regulated TXNIP expression, as TXNIP is a 

negative regulator of glucose uptake. In this, we suggest that phenformin-induced compensatory 

increase in glucose uptake is in part achieved by suppressing TXNIP. In addition, induction of 

TXNIP levels may also play a role in the downregulation of glucose uptake by torin1. Accordingly, 

we demonstrate that a biguanide-insensitive TXNIP (Ser-308-Ala mutant) attenuates the effects of 

phenformin-induced glucose uptake increase, suggesting that TXNIP partly mediates the effects 

of the drugs on glucose uptake. Considering that cancer cells utilize glucose to fuel neoplastic 

growth, this attenuation in phenformin-induced glucose uptake beckons the question whether 

TXNIP play may a role in mediating the anti-neoplastic effects of biguanides. To address this 

question, we looked at the effects of phenformin on cell proliferation in cells expressing Ser-308-

Ala TXNIP mutant and noted that the biguanide-insensitive TXNIP potentiates the inhibitory 

effects of phenformin on cell proliferation. Furthermore, we generated TXNIP-deficient MCF7 

cells via CRISPR/Cas9 genome editing and observed that depletion of TXNIP increases glucose 

influx, consistent with previous findings (Kaadige et al., 2015).  

 

In contrast to phenformin, cells overexpressing TXNIP do not display further decrease in glucose 

uptake after exposure to torin1. This outcome is anticipated due to the limitations that this MCF7 

model comes with. It may be reasonable to presume that further increasing TXNIP levels by 

overexpression, in addition to torin1-induced expression, will not decrease glucose uptake further 

due to the saturation of the system. These limitations may be explained by the mechanism behind 
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the role of TXNIP as negative regulator of glucose uptake. TXNIP prevents glucose entry into the 

cell by binding to GLUT1 and GLUT4 facilitative glucose transporters for endocytosis 

internalization (Waldhart et al., 2017; Wu et al., 2013) but will eventually reach stoichiometry 

under which TXNIP levels will not be limiting. Furthermore, despite TXNIP function as a negative 

regulator of glucose uptake, we suspect that the difference in TXNIP levels may also explain the 

absence of notable glucose uptake suppression in untreated cells with overexpressed TXNIP 

constructs relative to vector control. To this end, we generated TXNIP-deficient MCF7 cells via 

CRISPR/Cas9 genome editing and observed that depletion of TXNIP increases glucose influx, 

consistent with previous findings (Kaadige et al., 2015). We anticipate that torin1-induced 

suppression of glucose uptake will be reversed in TXNIP-null cells which, in addition, may 

potentially also reverse torin1 inhibition of cell proliferation. However, we addressed the role of 

TXNIP in mediating the effects of mTOR inhibitors on glucose uptake and other PI3K-AKT 

inhibitors on cell proliferation in TXNIP depleted cells. In this, we report that TXNIP does not 

appear to play a role in the suppression of glucose uptake and cell proliferation by mTOR inhibitors 

Surprisingly, the effects of PI3K inhibitors on cell proliferation seem to be potentiated in TXNIP 

deficient cells. 

 

The findings gathered in this study point more towards a suggestive possibility that requires 

validation rather than a conclusive outcome. The interest in the role of TXNIP in dysregulated 

glucose metabolism in cancer was initially presented when malignant tissues were observed to 

have decreased TXNIP expression, relative to control, which hinted to its tumour suppressor-like 

property. The significance of these findings may pave the way to understanding glucose uptake 

regulation in normal physiological conditions as well as in pathological diseases such as diabetes 
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and cancer. However, it is important that we recognize the controversy of our results and the 

possibility that TXNIP may play an irrelevant role in the effects of the inhibitors used in this study. 

In fact, our study in the role of TXNIP in mediating the effects of biguanides and mTOR inhibitors 

on glucose uptake and cell proliferation is largely limited to MCF7 cells. Further investigation is 

necessary to understand the implication of TXNIP expression in other cancer cell lines that may 

be more sensitive to changes in glucose influx and metabolism, whereby its regulation in stressed 

and stimulated conditions may also play a role in neoplastic growth. More importantly, we also 

recognize the limitations of the experimental systems designed for this study. The use of cell lines 

largely constitutes the limitations of our findings because conducting experiments in closed 

systems shielded from environmental influences may indeed identify causal factors between 

variables carefully selected by the scientist, but causal knowledge generated from this system may 

also be invalid. Herein, the use of mice models should also be considered in addition to cell lines. 
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6 – CONCLUSION 

Interesting findings have noted repressed TXNIP expression in cancerous tissues in human 

and thus outlined potential tumor-suppressive function of TXNIP. Our group has previously 

generated data on the translatome in MCF7 cells treated with metformin, rapamycin and PP242 

and identified TXNIP to be translationally repressed by metformin while surprisingly being 

induced by mTOR inhibitors. We aimed to validate these findings and suggest that TXNIP is 

translationally upregulated by active site mTOR inhibitors (torin1), but phenformin, a more potent 

biguanide, did not appear to suppress TXNIP mRNA translation. In this study, we investigate the 

implication of TXNIP, a negative regulator of glucose uptake, in mediating the effects of 

biguanides and mTOR inhibitors on glucose uptake and cell proliferation. Consistent with previous 

studies, we report that phenformin increases glucose uptake, while torin1 suppresses it. Both 

inhibitors regulate TXNIP expression accordingly with their effects on glucose uptake. Despite 

opposing effects on glucose uptake, we also show that both drugs converge in inhibiting cell 

proliferation and mTORC1 signaling, albeit with different potencies. Importantly, we show that 

phenformin-induced increase in glucose uptake is mediated by TXNIP suppression in part by 

alterations in protein stability in MCF7. Abrogating phosphorylation of Ser-308 confers increased 

TXNIP stability and potentiates the phenformin-induced suppression of cell proliferation. 

Furthermore, we also point out that TXNIP may not play a role in the downregulation of glucose 

uptake by inhibitors of the PI3K-AKT-MTOR pathway in TXNIP-depleted MCF7 cells. 

Altogether, our findings gather suggestive implications of TXNIP in the context of glucose uptake 

and cell proliferation in biguanide and mTOR inhibitor treatments in MCF7 cells. To this end, 

further experimentation is still required to establish a solid overarching conclusion.  
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7 – OTHER WORKS/CONTRIBUTIONS 

 

7.1  Co-authored publications 

 

1. Sept 2018 – METTL13 methylation of eEF1A increases tumorigenesis by increasing 

translational output (Cell. PMID: 30612740) 

This paper shows that methyltransferase-like 13 dimethylation of eukaryotic elongation 

factor 1A lysine 55 is utilized by Ras-driven cancers to increase translational activity and 

promote tumorigenesis in vivo. In collaboration with Dr. Or Gozani’s lab from Stanford USA, 

I contributed in generating data showing that perturbing translational output of ras-driven 

human cancer cell lines (HT1080, PaTu8902, T3M4, Colo-357) using EIF4A inhibitor (SDS-

1-021) and show that it inhibits proliferation of these cancer cell lines relative to normal human 

fibroblasts (IMR90).    

 

2. Nov 2017 – Cross-talk between protein synthesis, energy metabolism, and autophagy in 

cancer (Curr Opin Genet. PMID: 29179096) 

In this review, in a collaborative effort with Dr. Lisa Lindqvist and Dr. Luc Furic from 

Victoria AU, we gather findings that highlight novel aspects of signaling between protein 

synthesis, autophagy, and energy homeostasis in cancer. 
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3. Nov 2018 – Translational Reprogramming Marks Adaptation to Asparagine Restriction 

in Cancer (NCB. PMID: 31740775) 

In collaboration with Dr. Ze’ev Ronai’s lab from San Diego USA, we show that MAPK 

pathway inhibition maximizes efficacy of asparagine restriction-focused therapies, 

highlighting a novel cellular adaptive response to amino acid restriction. I contributed in 

generating polysome-associated fractions for RT-qPCR to determine translational regulation 

of ATF4, a stress-induced gene, in conditions of asparagine limitation and MAPK inhibition.  

 

4. Nov 2017 – An ErbB2/c-Src axis drives mammary tumourigenesis through metabolically 

directed translational regulation of Polycomb Repressor Complex 2 (PMID: 31263101)  

In collaboration with Dr. William Muller’s lab from Montreal CA, we show that c-Src 

controls ATP synthesis by upregulating mTORC1 activity and consequently increases mRNA 

translation of polycomb repressor complex 2 (PRC2) subunits SUZ12 and EZH2. These results 

reveal mechanistic action for ErbB2-driven carcinogenesis. My contribution involved 

generating polysome-associated fractions for RT-qPCR in c-Src knockout vs. wildtype ErbB2-

driven mouse-derived cell lines. 
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7.2 Co-authored manuscripts (submitted) 

1. March 2018 - Translational control of breast cancer plasticity (submitted to NatComms) 

In collaboration with Dr. Lynne Postovit’s lab from Edmonton CA, we demonstrate that 

cancer cell plasticity undergoes translational reprogramming of breast cancer stem cell 

(BCSC)-associated genes such as NANOG, SNAIL and NODAL in response to stresses like 

hypoxia and chemotherapy despite mTOR suppression. In consequence, this represents a 

challenge in cancer treatment. I contributed in generating polysome-associated fractions in 

embryonic stem cell lines (H1 and H9) and breast cancer cell line (T47D) in conditions of 

hypoxia and normoxia. https://www.biorxiv.org/content/10.1101/596544v1 

 

2. May 2017 - Enhanced and selective translation expands the lysosome size and promotes 

antigen presentation during phagocyte activation (submitted to PLoS Bio) 

In collaboration with Dr. Roberto Botelho’s lab from Toronto CA, we show mTORC1-

dependent lysosome remodeling via increased translation of lysosomal mRNAs. I generated 

polysome-associated fractions for RT-qPCR and RNAseq using RAW264.7 cells to determine 

translational regulation of lysosomal mRNAs LAMP1 and V-ATPase subunits, genes required 

for antigen presentation by dendritic cells. https://www.biorxiv.org/content/10.1101/260257v2 
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