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ABSTRACT 

 

Epidemiology studies have established a strong link between chronic arsenic exposure 

and lung cancer. Currently, contribution of perturbed energy metabolism to 

carcinogenesis is an intensive area of research. In several human cell culture models 

(primary, immortal, malignant), we observed that non-cytotoxic exposure to arsenite 

increased extracellular acidification rate. Lactate accumulation caused by extracellular 

acidification, could be inhibited by 2-deoxy-D-glucose, a non-metabolized glucose 

analog. This established that arsenite induces aerobic glycolysis (the Warburg effect), a 

metabolic shift frequently observed in the acquisition of malignancy. Our studies in 

BEAS-2B, a non-malignant pulmonary epithelial cell line, found that the metabolic 

perturbation began early in the course of malignant transformation by arsenite (6 weeks). 

Correlated with the surge of glycolysis, we found elevated levels of HIF-1A and loss of 

E-Cadherin during chronic arsenite exposure. Our evidence suggests that this metabolic 

shift is sustained by HIF-1A (hypoxia-inducible factor 1A). We found that arsenite-

exposed BEAS-2B accumulated HIF-1A protein, and underwent transcriptional up-

regulation of HIF-1A-target genes. Overexpression of HIF-1A increases glycolysis 15% 

(vs. control), confirming that HIF-1A can modulate glycolysis in BEAS-2B. Coincident 

with induction of glycolysis, we observed a decrease in E-cadherin expression, indicating 

loss of epithelial identity. HIF-1A stable knockdown in BEAS-2B abrogated the arsenite 

induction of glycolysis, and indicated suppression in colony formation. These findings 

suggest that the hypoxia-mimetic effect of arsenite plays an important role in arsenite-
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induced malignant transformation. The significance of this study is that arsenite-induced 

alteration of energy metabolism represents the type of fundamental perturbation that 

could extend to many diverse effects caused by arsenic. 
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CHAPTER 1 

INTRODUCTION, RESEARCH QUESTION AND SPECIFIC AIMS 

 

1.1 ARSENIC 

1.1.1 Historical significance 

Arsenic, a natural element, is ubiquitously found in the environment. The credit for 

discovery of arsenic was given to German scholastic Albertus Magnus (Williams, 2002). 

The usage and preparation of arsenic were found in the scripts of Paracelsus (1493-1541), 

father of modern toxicology (Klaassen et al., 2001).  

 

The toxic effects of arsenic were recognized as early as the 1st century. Greek physician, 

Dioscorides described arsenic as a poison in the court of Roman Emperor Nero. 

Pharmacological uses of arsenic date back to the 18th century. Arsphenamine and 

neosalvarsan were used as treatments for syphilis until they were replaced by other 

antibiotics (Brown and Pearce, 1921; Heynick, 2009). Modern use of arsenic as a poison 

started with the development of Lewisite, an organoarsenic compound used for chemical 

warfare, bearing the chemical formula C2H2AsCl3 (trivalent form of arsenic, arsenite, 

As(III)). Lewisite can easily penetrate the fabrics of clothing, and causes pain, rash, and 

swelling of the skin. Inhalation leads to lung irritation, including coughing, burning, 

vomiting and pulmonary edema. Sufficient systemic absorption leads to liver necrosis 

and death (Thornton, 2001). Arsenic is generally known by the public as a dangerous 

poison, but it has many other applications. 
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Currently, arsenic trioxide (As2O3) has been used as an anti-cancer drug. TrisenoxTM, the 

trademark name of arsenic trioxide, was approved by the United States Food and Drug 

Administration (FDA) in 2000 for the treatment of acute promyelocytic leukemia (APL) 

(Mayorga et al., 2002). 

 

Due to the toxicity of arsenic in bacteria, fungi and insects, arsenic has also been used in 

agriculture. Tanalith, a form of chromated copper arsenate, was used extensively in 

industry as a wood preservative for timber treatment until its use was banned in the 

Unites States and European Union in 2004. However, other underdeveloped countries 

still heavily use Tanalith (EPA, 2012). Lead hydrogen arsenate (PbHAsO4), was used as 

an insecticide on fruit trees, until it was noted that chronic exposure caused significant 

brain damage of the workers spraying the trees (EPA, 2012). Due to this toxicity, lead 

hydrogen arsenate, has been replaced by monosodium methyl arsenate (MSMA) and 

disodium methyl arsenate (DSMA). Other agricultural applications of arsenic include the 

use of roxarsone nitarsone, arsanilic acid, and carbarsone. These FDA approved 

arsenicals are widely used as a feed additive to stimulate weight gain in swine and 

poultry (Huang et al., 2014). Roxarsone was voluntarily withdrawn from the market by 

Pfizer in response to adverse effects reported by the FDA. 

 

The industrial use of arsenic is mainly limited to alloying with lead, an important 

component of automobile batteries. Specifically, the lead contained in auto batteries is 
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strengthened by 2% arsenic (Hughes et al., 2011). Other industrial applications include 

dezincification, anti-corrosion applications, and use in semiconductor materials 

(Dervisevic et al., 2013).  

 

1.1.2 Sources of human exposure 

Environmental arsenic has the greatest impact on human health in its inorganic form, 

which commonly has oxidation states of III (+3) and V (+5). Arsenic coexists as a 

constituent with various minerals copper, cobalt, sulfur, lead, iron, and is distributed in 

the earth’s crust ubiquitously at varying concentrations. Arsenic is the 53rd most abundant 

element on the planet, making up 0.00015% of Earth’s crust. The average concentration 

of arsenic in soil is 1-10 parts per million (ppm) and 1.6 parts per billion (ppb) in 

seawater (Williams, 2002). The natural form of arsenic is metalloid, atomic number 33, 

and arsenic belongs to group 15 of the periodic table, the nitrogen family, also known as 

Pnictogens. Arsenic is unequally distributed throughout the earth, resulting in arsenic 

hotspots in certain regions. Environmental contamination of arsenic includes both natural 

deposits and anthropogenic sources such as mining and smelting. 

 

Mining activity significantly increases the release of arsenic from ores, which are 

typically found in mine tailings, slag, and waste rock (Roussel et al., 2000). One major 

source of environmental arsenic contamination, along with other heavy metals, is thought 

to be through mine tailings. Since mine tailings have a sand-like texture, they are able to 

easily enter drinking water. Rain can wash the soluble arsenic component into ground 



27 
 

water pools, and both rain and wind can carry arsenic into surface water systems.  A 

study conducted by Hysong et al. in 2003 showed that residents of copper mining and 

smelting towns may have an increased risk of arsenic exposure due to elevated arsenic 

contained in environmental media (Hysong et al., 2003). The article reported that the 

arsenic levels contained in house dust in homes closer (median arsenic 375.3 ppm, 

median distance to smelter 483 m) to the copper mining smelter had significantly higher 

levels than homes located further away (median arsenic 30.5ppm, median distance to 

smelter 10,100 m).   

 

Another source of arsenic exposure is through food. A study conducted by Ramirez-

Andreotta et al. showed that vegetables grown in homes near the Arizona Iron King Mine 

and Humboldt Smelter have greater arsenic concentrations than the FDA-reported Market 

Basket arsenic levels (Hysong et al., 2003). Recent studies by Gilbert-Diamond et al. 

showed that the bio-accumulation of arsenic in rice also contributes to arsenic exposure 

(Gilbert-Diamond et al., 2011). Seafood is another major source of arsenic ingestion. 

Data collected from several Canadian sites showed that arsenic contamination in fish can 

be as high as 1662µg/kg (Dabeka et al., 1993).  A study by Guderson stated that seafood 

accounts for 90% of daily arsenic intake in the U.S., and 70% in Japan and Canada 

(Gunderson, 1995).  

 

Despite the presence of arsenic in dust and food, arsenic contamination of drinking water 

raises the most concern. Although the World Health Organization (WHO) has established 
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a maximum recommended level of arsenic in drinking water at 10 µg/L (10 ppb), more 

than a hundred million people worldwide are drinking water with elevated concentrations 

of arsenic (Vahter, 2008). These individuals reside in countries such as Argentina, 

Bangladesh, Chile, China (including Taiwan), Mexico, Romania, and Thailand (Brown et 

al., 2002). In the United Sates, EPA regulations of drinking water limit arsenic levels to 

10 µg/L (10 ppb) (EPA, 2006). However, arsenic concentrations in wells (ground-water 

systems) can range from one to several hundred µg/L (Brown et al., 2002). Within the 

U.S., reported arsenic concentrations of ground-water have exceed 50 µg/L in several 

states, including Arizona, California, Nevada, Oregon, Montana, Texas, and Minnesota 

(Figure 1.5.1) (USGS, 2007).    

 

The ubiquitous distribution of arsenic in nature and from anthropogenic sources creates 

complex routes of exposure for humans, which include oral ingestion, inhalation, and 

dermal absorption. 

 

1.1.3 Biotransformation 

The main route of biotransformation of arsenic is through the liver. After arsenic is 

ingested or inhaled into the human body, As (III) and As (V) will be absorbed and 

distributed into the bloodstream. Because the ability of As (III) to form complexes with 

certain co-enzymes, it is more toxic to animal and plants than As (V) (Ferreira and Barros, 

2002). As (V) can be reduced to As (III) by glutathione (GSH). As (III) also undergoes 

oxidative methylation, catalyzed by arsenic (+3 oxidation state) methyltransferase 
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(AS3MT), which uses S-adenosylmethionine (SAM) as a methyl group donor to form 

MMA(V) (Goering et al., 1999; Aposhian et al., 2004). MMA(V) is further reduced to 

MMA(III) by MMA(V) reductase (GST-Ω). MMA(III) then undergoes oxidative 

methylation to form DMA(V) by AS3MT and SAM. DMA(V) is finally reduced to 

DMA(III) by DMA(V) reductase (Figure 1.5.2) (Goering et al., 1999; Aposhian et al., 

2004).  It has been found that in arsenic exposed populations, both inorganic and organic 

arsenic species are excreted in urine (Gomez-Rubio et al., 2012). Epidemiology studies 

from Gomez-Rubio et al. have shown that the efficiency of arsenic methylation is 

associated with one’s ancestry and genetic background, body mass index, and intronic 

variants in the AS3MT gene (Gomez-Rubio et al., 2010; Gomez-Rubio et al., 2011; 

Gomez-Rubio et al., 2012). With regards to the biotransformation of arsenic, AS3MT is 

the most important enzyme involved (Lin et al., 2002). It was originally believed that the 

biotransformation process was actually a detoxification process, but work by the Gandolfi 

group showed that MMA (III) is 20 times more cytotoxic to human bladder urothelial 

cells than inorganic As (III) (Bredfeldt et al., 2006a; Eblin et al., 2006; Wnek et al., 

2011). Cytotoxicity studies in Chang human hepatocytes showed the order of arsenic 

species toxicity to be the following: MMA(III)> inorganic As(III)> inorganic As(V)> 

MMA(V)=DMA(V) (Petrick et al., 2000).  

 

1.1.4 Arsenic-induced Diseases 

Chronic exposure of elevated environmental concentrations of arsenic has the potential to 

cause many diseases, both non-cancerous and cancerous. 
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Non-cancerous diseases caused by arsenic exposure involve multiple organs and organ 

systems. Arsenic-induced palmoplantar hyperkeratosis is a skin disorder found in 

individuals exposed chronically to arsenic (Tondel et al., 1999; Guo et al., 2001; Haque 

et al., 2003; Hsu et al., 2013). Arsenic damage to the nervous system includes effects on 

both the central and peripheral nervous systems (Rodriguez et al., 2003). Fragmentation 

and complete degeneration of axons were found in studies of peripheral nerves exposed 

to arsenite (Heyman et al., 1956).  Several clinical case studies have found that arsenic 

affects the central nervous system, resulting in neurobehavioral changes that include 

impairment of learning, short term memory, and concentration (Bolla-Wilson and 

Bleecker, 1987; Morton and Caron, 1989). Epidemiology studies have pointed out that 

chronic arsenic exposure leads to an increased risk of hypertension, atherosclerosis, and 

increased incidence of death due to cardiovascular problems, which is thought to be 

through endothelial dysfunction, as reviewed by Stea et al. (Stea et al., 2014). Chronic 

exposure of arsenic also causes pulmonary problems, which include chronic obstructive 

pulmonary disease (COPD), asthma, and bronchitis (Mazumder et al., 2000; Mazumder 

et al., 2005). Arsenic also targets the liver. A study performed by Datta et al. showed that 

chronic oral arsenic intoxication causes portal hypertension and non-cirrhotic portal 

fibrosis (Datta et al., 1979). Other diseases caused by arsenic, confirmed by 

epidemiology studies, include diabetes, immunosuppression, and blackfoot disease 

(Burns et al., 1991; Tsai et al., 1999; Navas-Acien et al., 2006b). 
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Despite the various types of diseases that arsenic exposure may cause, arsenic-induced 

malignancy is the predominant concern. The incidence of skin cancer in Taiwan males 

aged 60 years or older who were exposed to arsenic was 25% higher than populations not 

exposed to arsenic (Tseng et al., 1968). Another study performed in Taiwan by Chen et al. 

found that the cancer mortality risk ratios for liver, lung, bladder, and kidney cancer had a 

striking dose dependent relationship to arsenic levels in drinking water (Chen et al., 

1988a). Epidemiology studies performed in Chile by Allan Smith’s group, showed an 

increased risk of lung cancer and bronchiectasis in young adults after exposure to arsenic 

in utero and in early childhood (Smith et al., 2006). The risk of developing renal, skin, 

bladder, and lung cancer is reported to be elevated in Bangladesh in rural areas that rely 

on underground water contaminated with high levels of arsenic (Christoforidou et al., 

2013; Mostafa and Cherry, 2013). Overall, cancer is one of the most serious problems 

associated with populations exposed to environmental arsenic (Smith et al., 1992b).  

 

1.1.5 Mechanism of action 

The mechanisms of arsenic activity in the body are an intense area of research. Arsenic 

has been reported to target multiple pathways and cellular processes.  

 

At the DNA level, arsenic is able to alter DNA repair and methylation. A study 

conducted by Andrew et al. showed that arsenic exposure is associated with decreased 

DNA repair, both in in vitro based models and in individuals exposed to arsenic-

contaminated drinking water (Andrew et al., 2006b). The excision repair cross-
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complement 1 (ERCC1) gene, which is required for repair of DNA lesions induced by 

UV or electrophilic compounds such as cisplatin, showed dose-dependent decreases in in 

vitro experiments following arsenic exposure (Andrew et al., 2006b). Strikingly, the 

study also found a correlation of reduced ERCC1 gene expression in human lymphocytes 

following arsenite exposure (Andrew et al., 2006b). A similar study not only confirmed 

the arsenic down-regulation of ERCC1, but found two more DNA repair genes 

Xeroderma Pigmentosum Group B (XPB, also referred to as ERCC3) and Xeroderma 

Pigmenosum Group F (XPF, also referred to as ERCC4) that exhibited decreased 

expression in arsenic exposed individuals (Andrew et al., 2003). Arsenic not only affects 

DNA repair but also alters the methylations status of DNA (Reichard and Puga, 2010; 

Hossain et al., 2012; Severson et al., 2013). Hossain et al. found that women who were 

chronically exposed to  arsenic through drinking water demonstrated a strongly correlated 

increase in DNA methylation of both tumor suppressor gene p16 and DNA mismatch 

repair gene mutL homolog 1 (MLH1) (Hossain et al., 2012). Accordingly, Severson et al. 

found that altered DMA methylation contributes to arsenic-induced malignant 

transformation (Severson et al., 2012; Severson et al., 2013). The alteration of DNA 

methylation status caused by arsenic interferes with gene expression, which might lead to 

disruptions in cell function. 

 

Oxidative stress is thought to be one of the major stress responses involved in arsenic 

exposure. Arsenic has been reported to induce reactive oxygen species (ROS) in multiple 

cell lines (Woo et al., 2004; Ding et al., 2005; Cha et al., 2006; Han et al., 2008; 
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Chowdhury et al., 2009; Han et al., 2009; Ho et al., 2009; Sanchez et al., 2009; 

Chowdhury et al., 2010; Li et al., 2010; Ho et al., 2011; Park, 2012; Shen et al., 2012; 

Wang et al., 2012a; Wang et al., 2012b; You and Park, 2012; Qu et al., 2013; He et al., 

2014). A search of “arsenic” and “ROS” on February 23rd, 2014 in the NCBI 

PubMed.gov database returned 373 related articles. Researchers have linked many 

signaling pathway alterations caused by arsenic exposure to the generation of ROS. For 

example, arsenic-induced ROS alter the activity of adenosine monophosphate-activated 

protein kinase (AMPK), Mitogen-activated protein kinases (MAPK), Hypoxia-inducible 

factor 1-alpha (HIF-1A), Cytochrome P450, family 1, member A1 (CYP1A1), C-Jun N-

terminal kinases (JNK), Activating transcription factor 2 (ATF2), and tumor protein p53 

(p53) (Shen et al., 2012; Liu et al., 2013b; Qu et al., 2013; Selvaraj et al., 2013; Anwar-

Mohamed et al., 2014; He et al., 2014; Li et al., 2014; Lu et al., 2014; Zhu et al., 2014). 

Interestingly, recent studies from the Waalkes groups showed that only methylation-

proficient cells exhibit oxidative DNA damage during inorganic arsenic exposure, and 

that MMA (III) causes oxidative DNA damage in cells that is independent from its ability 

to biomethylate inorganic arsenic (Kojima et al., 2009; Tokar et al., 2014). No evidence 

of ROS production was found at environmentally relevant concentrations (less than 

100ppb) of arsenic exposure in BEAS-2B and lymphoblastoid cells (Bolt et al., 2010a; 

Bolt et al., 2010b; Bolt and Zhao et al., 2012; Zhao et al., 2013). However, a master 

oxidative stress regulator, anti-oxidant gene Nf-E2 related factor 2 (Nrf2), is activated 

independently from kelch-like ECH-associated protein 1 (Keap1)-C151 enhanced Keap1-

cullin 3 (Cul3) interaction (Wang et al., 2008). A later study by Lau et al. suggested that 
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the activation of Nrf2 is mediated by arsenic-induced autophagy, which was initially 

discovered by Bolt et al. (Bolt et al., 2010a; Lau et al., 2013). 

 

Protein quality control (PQC) is another important cellular process during arsenic 

exposure. It is well established in the arsenic field that As (III) is capable of binding thiol 

(sulfhydryl, -SH) groups of cysteine residues, which leads to protein damage and mis-

folding (Ramadan et al., 2007; Ramadan et al., 2009). Accumulation of damaged proteins 

in the endoplasmic reticulum (ER) lumen causes ER stress and activates the unfolded 

protein response (UPR). The UPR is a double-edged sword that either protects cells from 

damage, or kills cells when the damage is intolerable. It has been reported that arsenic 

induces ER stress and the UPR in multiple cell types, including vascular endothelial cells, 

laryngeal squamous cells, neuronal cells, urothelial cells, adipocytes, hepatocytes, and 

lymphoblastoid cells (Bolt and Zhao et al., 2012; Hou et al., 2013; Liu et al., 2013a; Liu 

et al., 2013b; Lu et al., 2014; Weng et al., 2014). In these studies, one or more UPR arms 

were found to be activated. The study conducted previously by our group  showed that all 

three arms of the UPR, protein kinase-like endoplasmic reticulum kinase (PERK), 

inositol-requiring enzyme 1 (IRE1), and activating transcription factor 6 (ATF6), were 

activated in lymphoblastoid cells, whereas only the PERK and IRE1 arms were activated 

with classical ER stress inducer, tunicamycin (Bolt and Zhao et al., 2012). The findings 

of arsenic-induced ER stress could possibly explain the molecular cause of autophagy 

induction seen during arsenic exposure (Bolt et al., 2010a). 
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Although multiple targets and mechanisms associated with arsenic exposure have been 

reported, the reductionist viewpoint would hold that disruption of a small number of 

fundamental, central cellular processes may underlie many of the diverse effects resulting 

from arsenic exposure. The perturbation of energy production by arsenic represents the 

type of fundamental cellular process that could impact diverse downstream cellular 

pathways typical of those associated with arsenic toxicity (Zhao et al., 2013). 

Coincidentally, Ganapathy et al. found that arsenic concentrations as low as 100 nM 

induce aerobic glycolysis in primary human fibroblasts, which provides more evidence 

that arsenic exposure disrupts energy metabolism (Ganapathy et al., 2014). Arsenic 

perturbation of energy metabolism is the main focus of this study and will be described in 

greater detail in subsequent chapters. 

 

1.1.6 Models of arsenic-induced malignant transformation 

Arsenic-induced malignancy is an important part of arsenic research. In the past two 

decades, several cell culture based models have been established to enable the study of 

arsenic-induced malignant transformation. Established models for studying arsenic-

induced malignant transformation include the lung, bladder, prostate, and skin (Table 

1.6.1) (Achanzar et al., 2002; Sens et al., 2004a; Carpenter et al., 2011; Sun et al., 2011b; 

Stueckle et al., 2012a). Stueckle et al. successfully transformed the human lung epithelial 

cell line BEAS-2B with 2.5 µM arsenic trioxide (As2O3, 375 ppb of As(III)) for 26 weeks 

in serum containing media (Stueckle et al., 2012a). Zhang et al. transformed BEAS-2B 

with 0.25 µM sodium arsenite (NaAsO2, 18.75 ppb of As(III)) for 16 weeks in serum 
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containing media (Zhang et al., 2012a). Carpenter et al. transformed BEAS-2B with 0.25, 

1, and 5 µM sodium arsenite (NaAsO2, 18.75 ppb of As(III)) for 26 weeks in serum 

containing media (Carpenter et al., 2011). HBE, another human lung epithelial cell line, 

was transformed by Xu et al.  with 1 µM sodium arsenite (75ppb of As(III)) for 15 weeks 

in serum-containing media (Xu et al., 2012). The human urothelial cell line, UROtsa, has 

also been reported by Sens et al. to be transformed by 1 µM sodium arsenite in either 

serum-free or serum-containing growth media for 52 weeks (Sens et al., 2004a). 

Bredfeldt et al. found that exposing UROtsa cells to 50 nM arsenic metabolite MMAIII 

(3.75 pbb of As (III)) transforms them in 52 weeks (Bredfeldt et al., 2006a).  The human 

prostate epithelial cell line, RWPE-1, reported by Achanzar et al., was transformed by 

exposure of 5 µM sodium arsenite (375ppb) after 29 weeks of culturing in serum-free 

media (Achanzar et al., 2002). A human skin keratinocyte cell line, HaCaT, was 

transformed by 100 nM (7.5ppb) of sodium arsenic exposure after 30 weeks in serum-

containing media (Pi et al., 2008). Models to study arsenic carcinogenesis in vivo have 

also been established in C3H mice (Waalkes et al., 2007). A short period of maternal 

exposure to a high level of inorganic arsenic in drinking water results in the development 

of neoplastic lesions in the lung, liver, bladder, adrenal, kidney, ovary, uterus, oviduct, 

and vagina of the offspring during adulthood (Waalkes et al., 2007). 

 

Arsenic-induced malignant transformation is an irreversible process. Common 

phenotypic changes acquired after arsenic transformation, described in the 

aforementioned transformation studies, include anchorage-independent growth, increased 
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proliferation, resistance to arsenic cytotoxicity, tumor formation in immunocompromised 

mice, and morphological changes. 

 

1.2 ENERGY METABOLISM 

1.2.1 Glycolysis, TCA cycle, and Oxidative Phosphorylation 

Glucose oxidation is the major source of energy for cells. Glucose is transported across 

the cell membrane by active transport. Glucose transporters (GLUT) are a family of 

transporters that facilitate this process. There are currently 3 classes of glucose 

transporters. Class I is mainly responsible for glucose transport, but the functions of 

Classes II and III remain to be discovered. Class I glucose transporters are responsible for 

the uptake of glucose into the cell via co-transportation of Na+, which  includes GLUT1, 

GLUT2, GLUT3, and GLUT4 (Bell et al., 1990). All Class I glucose transporters are 

integral membrane proteins containing hydrophobic domains, with both membrane-

spanning and hydrophilic domains that are located outside of the apical membrane 

(Mueckler and Thorens, 2013). GLUT1 is mainly expressed in the placenta, brain, kidney, 

and colon; GLUT2 is mainly expressed in the liver, β-cells, kidney, and small intestine; 

GLUT3 is expressed in many tissues, including the brain, placenta, and kidney; GLUT4 

is mainly expressed in skeletal muscle, heart, and fat tissues (Bell et al., 1990).  The 

expression of glucose transporters is mainly regulated by cellular glucose concentrations 

(Macheda et al., 2005). After glucose enters the cell, it is processed by glycolysis. 
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Glycolysis converts glucose into pyruvate (Figure 1.5.3). In the cytosol, hexokinase (HK) 

phosphorylates glucose, using ATP as the phosphate group donor to form glucose-6-

phosphate (Moran, 2012). The Glucose-6-phosphate molecule is rearranged by 

phosphoglucose isomerase (PGI) to form fructose-6-phosphate; this reaction is reversible 

depending on substrate concentrations (Moran, 2012). Fructose-6-phosphate is 

phosphorylated by phophofructokinase (PFK), using ATP as the phosphate group donor 

to form fructose-1,6-bisphosphate; this is the rate-limiting step of glycolysis. Fructose-

1,6-biphosphate molecule is then split by fructose-bisphosphate aldolase (ALDO) to form 

two 3-carbon sugars, glyceraldehyde-3-phosphate and dihydroxyacetone-phosphate, 

which are rapidly interconverted by triosephosphate isomerase (TPI) (Moran, 2012). 

Glyceraldehyde-3-phosphate is then dehydrogenated by glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH). At the same time, an inorganic phosphate is added to the 

molecule, forming 1,3-bisphosphoglycerate; this reaction also reduces one nicotinamide 

adenine dinucleotide (NAD+) molecule to NADH (nicotinamide adenine dinucleotide, 

reduced) (Moran, 2012). 1,3-biphosphoglycerate transfers a phosphate-group to 

Adenosine diphosphate (ADP) and forms 3-phosphoglycerate and adenosine triphosphate 

(ATP) via the activity of phosphoglycerate kinase (PGK). When the cell contains excess 

ATP, this reaction reverses, making it an important regulatory step in glycolysis (Moran, 

2012). 3-phosphoglycerate is then converted by phosphoglycerate mutase to form 2-

phosphoglycerate, which is also a reversible reaction. 2-phosphoglycerate is then 

converted by enolase to form phosphoenolpyruvate and H2O  (Moran, 2012). 

Phosphoenolpyruvate transfers a phosphate group to ADP, forming pyruvate and ATP, 
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which is also a regulatory step in the glycolytic cascade; when the cell is overloaded with 

ATP, the reaction stops  (Moran, 2012). Pyruvate can then enter the mitochondria and be 

further processed, or it can be converted in the cytosol to form lactate by lactate 

dehydrogenase (LDH); this process reduces one NADH to NAD+ and is reversible under 

certain conditions  (Moran, 2012).   

 

Pyruvate is actively transported from the cytosol to the mitochondria, but the pyruvate 

transporter on the mitochondrion remains to be identified  (Moran, 2012). Bricker et al. 

identified two mitochondrial pyruvate carriers, 1 and 2 (MPC1 and MPC2), that mediate 

pyruvate transport in yeast, drosophila, and humans (Bricker et al., 2012). After pyruvate 

enters the mitochondria, pyruvate dehydrogenase (PDH) complex converts it to acetyl-

CoA; the reaction uses pyruvate, CoA, and NAD+ to produce Acetyl-CoA, NADH and 

CO2 (Figure 1.5.4). An important enzyme family that regulates this step is the pyruvate 

dehydrogenase kinase family (PDK), which phosphorylates the E1α subunit of PDH at 

Serine 232, 293, and 300 under certain conditions. Phosphorylation of any one of the 

serine residues results in inactivation of the PDH complex (Moran, 2012). PDH is 

considered to be the gatekeeper for the citric acid cycle (also referred to as the 

tricarboxylic acid cycle (TCA cycle) or Krebs cycle) (Moran, 2012). Acetyl-CoA and 

oxaloacetate undergo aldol condensation by citrate synthase (CS) to produce citrate and 

CoA. Citrate is dehydrated by aconitase (ACO) to form cis-aconitate and H2O; the 

reaction is reversible  (Moran, 2012). Cis-aconitate is hydrated by aconitase to form 

isocitrate; the reaction is also reversible. Isocitrate and NAD+ are then oxidized by 
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isocitrate dehydrogenase (IDH) to form oxalosuccinate, NADH, and H+  (Moran, 2012). 

Oxalosuccinate is then decarboxylated by isocitrate dehydrogenase to form α-

ketoglutarate and CO2; this step is irreversible and is considered the rate limiting step of 

the citric acid cycle  (Moran, 2012). The next step is catalyzed by the α-ketoglutarate 

dehydrogenase complex; it is a decarboxylation reaction that uses α-ketoglutarate, NAD+, 

and CoA to form Succinyl-CoA, NADH, H+, and CO2. Succinyl-CoA and a phosphate 

group undergo substrate-level phosphorylation with either GDP or ADP, catalyzed by 

succinyl-CoA synthetase (CSC), to form Succinate, CoA, and GTP or ATP  (Moran, 

2012). Succinate is oxidized to fumarate by the succinate dehydrogenase complex, while 

FAD is simultaneously reduced to FADH2  (Moran, 2012). Fumarate undergoes hydration 

by fumarate hydratase (FH) to form L-malate. L-malate is oxidized to oxaloacetate by 

malate dehydrogenase (MDH); NAD+ is simultaneously reduced to NADH plus H+  

(Moran, 2012). Acetyl-CoA and oxaloacetate again undergo aldol condensation, and the 

cycle is repeated. Each glucose molecule is split into two pyruvate molecules by 

glycolysis, and each pyruvate drives one cycle of the citric acid cycle.  

 

Intermediates from the citric acid cycle then enter the oxidative phosphorylation 

(OXPHOS) process (Figure 1.5.5). The reactions in the OXPHOS process are all coupled 

reactions, meaning that one reaction cannot proceed without the other  (Moran, 2012). By 

using a coupled reaction system, OXPHOS uses the energy from energy-releasing 

chemical reactions to drive energy-demanding chemical reactions  (Moran, 2012). There 

are five major complexes in OXPHOS: complex I, II, III, IV, and V (Moran, 2012). 
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OPXPHOS complex I (also known as NADH dehydrogenase) catalyzes the oxidation of 

NADH, by using coenzyme Q10 (CoQ) to form NAD+ and H+, which donates two 

electrons to the mitochondrial intermembrane space. When the two electrons go through 

complex I, 4 protons are pumped from the mitochondrial matrix to the intermembrane 

space, and 2 protons from the matrix are used to reduce CoQ to CoQH2  (Moran, 2012). 

Complex II (also known as succinate dehydrogenase) is another port for electrons to enter 

the electron transport chain. Complex II participates in both citric acid cycle and 

OXPHOS  (Moran, 2012). It oxidizes succinate to form fumarate. At the same time, the 

electrons generated during this process are used to reduce CoQ to CoQH2; no protons are 

pumped from the matrix to the intermembrane space during this coupled reaction. The 

reaction in complex III (also known as cytochrome c reductase) contains two steps  

(Moran, 2012). In the first step, cytochrome c is converted from its oxidized state to its 

reduced state by electron donation from CoQH2 The 2 H+ from CoQH2, located in the 

inner mitochondrial membrane, enter the intermembrane space (Moran, 2012). In the 

second step, another cytochrome c in its oxidized state is converted to its reduced state by 

the electron donated from CoQH2, during which 2 H+ from the matrix enter the 

intermembrane space. The net result is that one CoQH2 molecule, 2 cytochrome c 

(oxidized state), and 2 H+ from the matrix are converted by complex III to CoQ, 2 

cytochrome c (reduced state), and 4 H+ in the intermembrane space  (Moran, 2012). The 

reduced cytochrome c moves on to complex IV (also known as cytochrome c oxidase). In 

complex IV, 4 cytochrome c are oxidized; 4 electrons are released from this process and 

transferred to oxygen in the matrix, which is the last step of the electron transfer chain  
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(Moran, 2012). This step consumes 4 H+ to form 2 H2O molecules; at the same time, 4 H+ 

from the matrix enter the intermembrane space. A proton gradient is formed, and 

immediately these H+ pass through complex V (also called ATP synthase), resulting in 

rotation of the complex (Moran, 2012). During the rotation of complex V, 9 H+ pass 

through complex V, completely rotating it 360o, which produces 3 ATP molecules  

(Moran, 2012). 

 

In summary, after one glucose molecule enters the cell, it is split to 2 pyruvate molecules. 

Each pyruvate enters the mitochondria and is converted to Acetyl-CoA. Acetyl-CoA 

enters the citric acid cycle, and produces intermediates for OXPHOS. Finally, OXPHOS 

uses these intermediates, which originated from one glucose molecule, to produce 36 

ATP molecules.  

 

1.2.2 The Warburg Effect and its implications in cancer 

In the 1920s, German scientist Otto Heinrich Warburg characterized a phenomenon in 

which cancer cells exhibit increased glycolysis under oxygen sufficient conditions, 

subsequently dubbed the Warburg Effect (also commonly referred to as aerobic 

glycolysis) (Warburg, 1956). Normally, cells under oxygen sufficient conditions use 

OXPHOS because it is more efficient. One glucose molecule can be used to produce 36 

ATP molecules. Under anaerobic conditions, 1 glucose molecule can only produce 2 ATP 

molecules via anaerobic glycolysis. Glycolysis can continue under anaerobic conditions 

by cycling NADH back to NAD+, which is done by the conversion of pyruvate and 
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NADH to lactate and NAD+ by lactate dehydrogenase, coupled with the conversion of  

glyceraldehyde-3-phosphate and NAD+ to 1,3-bisphosphoglycerate and NADH by 

glyceraldehyde-3-phosphate dehydrogenase. Cells utilizing aerobic glycolysis have 

increased production of lactate, regardless of the available oxygen supply (Warburg, 

1956). Under aerobic glycolysis, one glucose molecule yields a total of 4 ATP molecules, 

with an overall net yield of 2 ATP molecules. During aerobic glycolysis, mitochondria 

are still functional. This property is shared by active proliferative tissue and cancer cells. 

Aerobic glycolysis is not as efficient as OXPHOS. However, there are certain advantages 

for proliferative tissues and tumors to favor aerobic glycolysis over OXPHOS. 

 

Aerobic glycolysis produces many metabolic intermediates that can be further processed 

to produce the building blocks essential to cellular proliferation. Glucose 6-phosphate can 

be converted to 6-phosphogluconolactone by glucose-6-phosphate dehydrogenase. 6-

phosphogluconolactone can then be further converted to 6-phosphogluconate by 6-

phosphogluconolactonase (Vander Heiden et al., 2009). Finally, 6-phosphogluconate is 

converted by 6-phosphogluconate dehydrogenase to form ribose 5-phosphate, which is 

used to synthesize nucleotides such as AMP and GMP. Two glycolytic intermediates, 

fructose 6-phosphate and glyceraldehyde 3-phosphate, can be converted to ribose 5-

phosphate by transketolase (Vander Heiden et al., 2009). Another advantage of having 

aerobic glycolysis is that the process can also produce intermediates for amino acid 

synthesis (Vander Heiden et al., 2009). 3-phospho glycerate can be used to synthesize 

serine, cysteine, and glycine. Pyruvate can be converted to alanine, valine, and leucine. 
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The cost of rapidly converting via glucose in aerobic glycolysis is the waste of 3 carbons 

in the form of lactate, which is transported out of the cell. However, for cancer cells and 

proliferating tissue, nutrients are usually not limited (Pavlides et al., 2009).  

 

Cancer cells have established ways to up-regulate glycolysis in oxygen sufficient 

conditions. An example would be the alterations of PDH regulation, which is vital to 

malignant transformation (Bingham and Zachar, 2012). A clinical study performed by 

Koukourakis et al. in non-small cell lung cancer found that down-regulation of PDH and 

PDK is a common event in lung cancer (Koukourakis et al., 2005). Although PDK is the 

inhibitor of PDH, down-regulation of PDH alone would reduce the conversion of 

pyruvate to Acetyl-CoA, resulting in a shift in metabolism toward glycolysis. Tumor 

suppressor gene p53 is the most frequently altered gene in human cancers (Olivier, 2011). 

A recent study conducted by Harris et al. showed that p53 negatively regulates the 

transcription of PDK, such that a loss of p53 results in elevated PDK levels, which can 

contribute to the inhibition of PDH and OXPHOS (Contractor and Harris, 2012). Growth 

factors can also stimulate aerobic glycolysis through the activation of PI3K and AKT (Ko 

et al., 2010). Among all the different pathways leading to aerobic glycolysis, HIF-1A 

accumulation is probably the most effective approach (Marin-Hernandez et al., 2009). It 

is well known that under hypoxia, when OXPHOS cannot proceed, cells induce HIF-1A 

mediated glycolysis to produce ATP. However, Koh et al. noted that many types of 

cancer cells can use the HIF-1A machinery to induce glycolysis under oxygen sufficient 

conditions (Koh et al., 2010). The machinery of HIF-1A, its regulation, and its 
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importance in cancer development are the main concept of this study and will be 

reviewed in section 1.3. 

 

1.2.4 Chemicals affecting energy metabolism 

Energy metabolism can be disrupted by a number of pharmaceutical drugs, and toxicants. 

Insulin is a known stimulator of glucose uptake, glycolysis, and fatty acid synthesis, 

while decreasing lipolysis, proteolysis, autophagy, and gluconeogenesis (Muoio and 

Newgard, 2008). Metformin is another drug commonly used in diabetic patients. It 

activates AMPK, which leads to suppression of ATP demanding processes such as 

gluconeogenesis, fatty acid, protein, and cholesterol synthesis, while simlutaneously 

increasing endogenous insulin sensitivity (Viollet et al., 2012).  In a study conducted by 

Gohil et al., the authors screened more than 3500 compounds via high throughput assay 

and found that 83 of the compounds can alter energy metabolism. Out of the 83 

compounds, 25 are used clinically, and 9 (papaverine, phenformin, artemisinin, 

pentamidine, clomiphene, pimozide, niclosamide, fluvastatin, carvedilol) of the 25 

compounds have been shown to directly inhibit or uncouple the mitochondrial respiratory 

chain (Gohil et al., 2010). Meclizine has also been shown to inhibit mitochondrial 

respiration by targeting phosphoethanolamine metabolism (Gohil et al., 2013).  Two 

other compounds found to inhibit mitochondria respiration are the antimalarial drugs, 

mefoloquine and artemisinin (Gohil et al., 2010). Interestingly, artemisinin requires 

active mitochondria in the parasite in order to exhibit an anti-malarial effect (Golenser et 

al., 2006). Additionally, paracetamol has been reported to impair mitochondria oxidative 
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phosphorylation in vivo (Katyare and Satav, 1989). Streptozotocin, a FDA approved drug, 

inhibits the citric acid cycle enzyme succinyl-CoA synthetase, and is now used for the 

treatment of certain types of pancreatic cancer (Murray-Lyon et al., 1968; Boquist and 

Ericsson, 1986). 

 

Many of the chemical inhibitors of energy metabolism are only used for research. 3-

bromopyruvate (3-BrPA), lonidamide, and 2-deoxy-D-glucose (2-DG) inhibits 

hexokinase activity, which inhibits the conversion of glucose to glucose 6-phosphate. 

Sodium oxamate and (±)-Gossypol both block lactate production by inhibiting lactate 

dehydrogenase. (+)-Dehydroabietylamine, Dichloroacetic acid, Potassium dichloroacetate, 

and Sodium dichloroacetate are inhibitors of PDK. CPI-613 is reported to inhibit 

pyruvate dehydrogenase activity (Lee et al., 2011). In the citric acid cycle, oleoyl-CoA, 

an acetyl-CoA analog, inhibits citrate synthase and the formation of citrate. Oxalomalate 

(OMA, α-hydroxy-β- oxalosuccinic acid) is a competitive inhibitor of aconitase, which 

inhibits the formation of cis-aconitate and isocitrate (Festa et al., 2000). Both 

oxalomalate and AGI-5198 (also named IDH-C35, N-[2-(cyclohexylamino)-1-(2-

methylphenyl)-2-oxoethyl]-N-(3-fluorophenyl)-2-methyl-1H-imidazole-1-acetamide)) 

have been reported to inhibit isocitrate dehydrogenase (Yang and Park, 2003; Popovici-

Muller et al., 2012). Furthermore, α-Ketoglutarate dehydrogenase has been reported to be 

inhibited by phosphonoethyl ester of succinyl phosphonate (PESP), carboxy ethyl ester of 

succinyl phosphonate (CESP), hypochlorous acid, and mono-N-chloramine in neuronal 

cells (Jeitner et al., 2005; Santos et al., 2006). Succinyl-CoA synthetase can be inhibited 
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by Streptozotocin (Murray-Lyon et al., 1968; Boquist and Ericsson, 1986). Biochemical 

studies of FH activity with a number of endogenous and exogenous compounds have 

been performed by Massey et. al., which included trans-aconitic, mesaconic, adipic, 

glutaric, D-tartaric acids, thiocyanate, and acetylenedicarboxylic acid (Massey, 1953). 

Compounds that affect malate dehydrogenase activity include thyroxine and phenols 

(Wedding et al., 1967; Maggio and Ullman, 1978). Compounds that can alter oxidative 

phosphorylation function include OXPHOS complex inhibitors and electron transfer 

chain uncouplers. Complex I inhibitors include rotenone, amytal, ptericidin, and demerol. 

Complex II inhibitors include carboxin and 2-thenoyltrifluoroacetone. Complex III 

inhibitors include antimycin A and myxothiazol. Complex IV inhibitors include cyanide, 

azide, and carbon monoxide. Complex V inhibitors include dicyclohexylcarbodiimide 

and oligomycin. Chemicals that can stimulate electron transport are called uncouplers, 

which include carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) and 2,4-

dinitrophenol (DNP). Uncouplers can stimulate mitochondrial oxygen consumption, but 

impair ATP production. 

 

Environmental toxicants have also been shown to disrupt energy metabolism. Arsenite 

induce the Warburg effect at a 1 µM concentration (Zhao et al., 2013). Halogenated 

cysteine S-conjugates, S-(1,2 Dichlorovinyl)-l-Cysteine and S-(1,2 dichlorovinyl)-3-

mercaptopropionic acid, both inhibits cellular respiration and depletes cellular ATP 

(Stonard and Parker, 1971). Mercury containing compounds can disrupt mitochondrial 

function (Kuznetsov et al., 1986). Methylmercury inhibits mitochondrial energy 
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metabolism in skeletal muscle by targeting Complex V (de Oliveira Ribeiro et al., 2008). 

Cobalt inhibits cellular respiration, glycolysis, and tissue growth (Burk et al., 1946). 

Interestingly, Saxena et al. showed that preconditioning muscle cells with cobalt 

augments enzyme activities in both glycolysis and the citric acid cycle (Saxena et al., 

2012). Nickel decreases the activity of mitochondrial aconitase, succinate dehydrogenase, 

and mitochondria complex I, which results in decreased OXPHOS and increased aerobic 

glycolysis (Chen and Costa, 2006). Polycyclic aromatic hydrocarbons (PAH), which are 

compounds found in food, water, soil and cigarette smoke, have also been reported to 

cause shifts in energy metabolism intermediates and energy depletion (Anderson et al., 

1984). Vanadium ions inhibit the production of  succinyl-CoA (Krivanek and Novakova, 

1991). Fluoride is a known competitive inhibitor of enolase, competing with its normal 

substrate, 2-phosphoglycerate (Qin et al., 2006). The insecticide imidadacloprid was 

reported to alter the expression of gluconeogenesis and glycolysis genes (Derecka et al., 

2013).  

 

1.3 THE HYPOXIA INDUCIBLE FACTOR 1-ALPHA 

The Hypoxia inducible factor family proteins are transcription factors that respond to 

changes in oxygen availability to the cell. In humans, there are six currently known 

members of this family: HIF-1A, HIF-1B, HIF-2A, HIF-2B, HIF-3A, and HIF-3B. 

Different HIF members have different roles in cellular function. Cellular pathways that 

are transcriptionally regulated by hypoxia inducible factors include, energy metabolism, 

angiogenic signaling, hormonal regulation, cell migration, growth, apoptosis, transporters 



49 
 

and cell matrix and barrier functions (Schofield and Ratcliffe, 2004). This chapter 

provides a review of HIF-1A.  

 

1.3.1 Regulation of HIF-1A 

HIF-1A is typically constitutively expressed and regulated at the post-translational level. 

Canonical activation of HIF-1A occurs in a cell when oxygen is insufficient (Figure 

1.5.7). When oxygen is sufficient, HIF-1A amino acids proline 402 and 564, are 

hydroxylated by prolyl-hydroxylase (PHD).  PHD requires both oxygen and α-

ketoglutarate as cosubstrates, and ferrous iron and ascorbate as cofactors. PHD activity is 

regulated by oxygen levels, and can be inhibited by reactive oxygen species that oxidize 

its cofactors, as well as by succinate or fumarate, which compete with α-ketoglutarate for 

binding to the enzyme (King et al., 2006). Hydroxylated HIF-1A is recognized by Von 

Hippel-Lindau (VHL), which is the recognition subunit of an E3 ubiquitination ligase, 

resulting in the poly-ubiquitination of HIF-1A (Semenza, 2007b). Poly-ubiquitinated 

HIF-1A is degraded by the proteasome. When oxygen is insufficient, prolyl-hydroxylase 

cannot hydroxylate proline residues 402 and 564 on HIF-1A, resulting in stabilization of 

the protein (Figure 1.5.6) (Semenza, 2007b). Stabilized HIF-1A can then dimerize with 

HIF-1B and bind to hypoxia inducible factor response elements (HRE) to initiate the 

transcription of target genes.  

 

HIF-1A protein has four important functional domains: basic helix-loop-helix domain 

(bHLH), Per-Arnt-Sim homology domain (PAS, contains A and B regions), oxygen 
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dependent degradation domain (ODD), and amino- and carboxy-terminal transactivation 

domains (NTAD and CTAD) (Figure 1.5.6) (Weidemann and Johnson, 2008). The bHLH 

domain is a protein structural motif that is shared by many transcription factors that is 

used to bind specific HIF-response elements (HRE) in DNA. The classic HRE motif is 5'-

RCGTG-3' ('R' denotes a purine residue). In HIF-1A, the bHLH domain spanning from 

amino acid 17 to 71 is responsible for DNA binding (Wang et al., 1995). Dimerization of 

HIF-1A with HIF-1B occurs at the HIF-1A PAS-A domain via amino acids 106 to 156, 

and overexpression of PAS-A alone is sufficient for heterodimerization (Jiang et al., 

1996). This was further confirmed by Park et al. by the development of a small molecule 

inhibitor, NSC 50352, which specifically inhibits HIF-1A and HIF-1B dimerization 

through PAS-A (Park et al., 2006). The HIF-1A PAS-B is reported to be a regulatory 

domain controlled by HSP90, which accelerates HIF-1A stabilization (Katschinski et al., 

2004). The ODD domain (amino acid 401 to 603) contains proline residues 402 and 564, 

which function as oxygen sensors that determines whether to stabilize HIF-1A under 

hypoxic conditions or degrade under normoxic conditions. The NTAD (amino acid 531 

to 575) and CTAD (amino acid 786 to 826) domains are responsible for recruiting 

transcriptional cofactors CBP/p300, SRC-1 and ref-1, as reviewed by Ke and Costa (Ke 

and Costa, 2006b). Hydroxylation of asparagine 803 in HIF-1A CTAD by FIH-1 (factor 

inhibiting HIF-1, an asparagine hydroxylase) suppresses the interaction of HIF-1A with 

CBP/p300 (Hewitson et al., 2002). Interestingly, when asparagine 803 is mutated to 

alanine, HIF-1A can bind to coactivators, and thereby have increased transcriptional 

activity under normoxic conditions (Lando et al., 2002).  
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In addition to the functional domains of HIF-1A, there are two previously reported 

nuclear localization signals, one located on the N-terminus (amino acid 17-33), and one 

on the C-terminus of the protein (718-721) (Eguchi et al., 1997; Ikuta et al., 1998; Kallio 

et al., 1998). A recent study conducted by Cachami et al. showed that Importin 4 and 7 

are nuclear import receptors required for HIF-1A nuclear translocation, and that Importin 

7 interacts with the HIF-1A  bHLH/PAS-A domain (amino acid 1-251) (Chachami et al., 

2009).  

 

Post-translational modifications of HIF-1A, other than hydroxylation and ubiquitination, 

include phosphorylation, acetylation, and sumoylation. Phosphorylation of HIF-1A by 

p42/44 does not affect HIF-1A stability, but seems to increase HIF-1A transcriptional 

activity (Richard et al., 1999). Acetylation of HIF-1A lysine 532 by ARD1 promotes 

VHL-mediated degradation (Jeong et al., 2002). Acetylation of HIF-1A lysine 674 by 

P300/CBP-associated factor (PCAF) is required for HIF-1A transcriptional activity, but 

sirtuin 1 (SIRT1) can deacetylate lysine 674 and repress HIF-1A target genes (Lim et al., 

2010) . Interestingly, SIRT1 is down-regulated by decreased NAD+ levels during hypoxia 

(Leiser and Kaeberlein, 2010; Lim et al., 2010). Stabilization of HIF-1A can also be 

achieved via sumoylation at lysine residues 391 and 477 by SUMO-1 (Bae et al., 2004).  

 

Little is known about HIF-1A regulation at the transcriptional and translational levels. Ji 

et al. reported that HIF-1A translation can be up-regulated by EP1 prostanoid receptor 
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coupling to Gi/o, which is mediated by PI3K activation of ribosomal protein S6 (rpS6) (Ji 

et al., 2010). Rius et al. have also shown that NF-κB is able to induce HIF-1A expression 

at the transcriptional level (Rius et al., 2008). 

 

1.3.2 Functional significance 

HIF-1A is able to regulate a number of different processes, which include glucose 

metabolism, growth and survival, angiogenesis, invasion and metastasis.  

 

HIF-1A target genes that are involved in glucose metabolism are the glucose transporters, 

hexokinase, enolase, aldolase, phosphofructokinase, phosphoglycerate kinase, pyruvate 

kinase, fructose 2,6-biphosphatase, lactate dehydrogenase, pyruvate dehydrogenase 

kinase, triosephosphate isomerase, leptin, glyceraldehyde 3-phosphate dehydrogenase, 

glucose 6-phosphate isomerase, and glycogen synthase (Hong et al., 2004; Benita et al., 

2009). Transcriptional up-regulation of glucose metabolizing genes could cause an 

increase in glycolysis.  During hypoxia, OXPHOS cannot proceed. Cells undergo HIF-1A 

mediated anaerobic glycolysis to keep up with energy demands (Lum et al., 2007). 

However, when HIF-1A is stabilized during oxygen sufficient conditions, cells undergo 

aerobic glycolysis, the Warburg effect, which favors cell proliferation by promoting 

amino acid and ribose 5-phosphate synthesis. (Semenza, 2007a; Zhang et al., 2013).  

 

HIF-1A is also reported to regulate genes involved in cell proliferation and survival, 

which include insulin-like growth factor binding proteins, transforming growth factor-α,    
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transforming growth factor-β3, insulin-like growth factor 2, multidrug resistance protein 

1, transferrin, and transferrin receptor (Hong et al., 2004). When transforming growth 

factors are activated in cancer cells, increases in proliferation rate and survival are 

observed (Shih and Claffey, 2001; Muraoka et al., 2005). Insulin-like growth factor 

binding proteins promote cell growth by extending the half-life of circulating insulin-like 

growth factors (Stewart et al., 1993). Transferrin and the transferrin receptor are critical 

for proliferation of certain cell types (Guilbert and Iscove, 1976; Iscove and Melchers, 

1978; Liu et al., 2013c). Multidrug resistance protein 1 is a substrate specific ATP-

dependent xenobiotic efflux pump that has been reported to promote cancer cell survival 

and cause chemo resistance (Gillet and Gottesman, 2010).  

 

Another important role of HIF-1A is the regulation of angiogenesis genes, which include 

vascular endothelial growth factor (VEGF), vascular endothelial growth factor receptor, 

endoglin, leptin, adrenomedullin, heme oxygenase 1, nitric oxide synthase 2. During 

tumor formation, tumor cells located toward the inner layer are often under hypoxic 

conditions and nutrient deprivation. Up-regulation of vascular endothelial growth factor 

induces vasculogenesis by increasing endothelial proliferation (Cai et al., 2006).  The 

formation of new blood vessels in tumor tissues enables adequate delivery of oxygen and 

nutrients to the cells located inside the tumor (Cook and Figg, 2010). Endoglin is up-

regulated in proliferating endothelial cells, and expression of endoglin strengthens the 

endothelial barrier in tumor vasculature (Anderberg et al., 2013). Leptin, which regulates 

adipose tissue mass, has recently been showed to induce tyrosine kinase intracellular 
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growth signals to promote angiogenesis both in vivo and in vitro (Park et al., 2001). 

Adrenomedullin protects endothelial cells from apoptosis and promotes vascularity 

(Ribatti et al., 2005). Nitric oxide synthase 2 is able to increase cellular nitric oxide levels, 

causing an up-regulation of heme oxygenase 1, which potently enhances the synthesis of 

vascular endothelial growth factor (Dulak et al., 2002). 

 

Invasion and metastasis involve a number of genes regulated by HIF-1A, which include 

keratins (14,18,19), vimentin, transforming growth factor alpha, cathepsin D, 

metalloproteinase, and autocrine motility factor as reviewed by Hong et al. (Hong et al., 

2004). Keratins and vimentin have been reported to promote invasion in a number of 

cancer cell types (Yamashiro et al., 2010; Zhu et al., 2011; Seltmann et al., 2013; 

Govaere et al., 2014). Cathepsin D, an aspartyl protease, has been shown to facilitate 

invasion and proliferation of breast cancer cells (Tedone et al., 1997; Ohri et al., 2008). 

Metalloproteinase involvement in invasion is thought to induce the proteolytic 

breakdown of tumor tissue barrier’s extracellular matrix proteins, which aids tumor cells 

invasion (Stamenkovic, 2000). Autocrine motility factor has also been shown to enhance 

hepatoma cell invasion across the basement membrane (Torimura et al., 2001).  

 

1.3.3 Chemicals affecting HIF-1A stability 

HIF-1A protein is normally stabilized during hypoxia. However, a number of endogenous 

substrates and exogenous xenobiotics can have an impact on HIF-1A protein stability.  

As mentioned earlier, α-ketoglutarate is a cofactor for PHD mediated HIF-1A 
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hydroxylation and degradation (MacKenzie et al., 2007; Mailloux et al., 2009). Octyl-α-

ketoglutarate, α-ketoglutarate analog, is also found to enhance HIF-1A degradation 

(MacKenzie et al., 2007). Paradoxically, citric acid cycle intermediates, succinate and 

pyruvate, inhibits the activity of PHD and stabilizes HIF-1A (Lu et al., 2005; Selak et al., 

2005).  

 

Xenobiotics can also stabilize HIF-1A and cause pseudohypoxia. Pseudohypoxia is a 

phenomenon that occurs when cells in oxygen sufficient conditions accumulate HIF-1A 

and induce the transcription of HIF-1A target genes. In a study conducted by Li et al. 

adenocarcinoma cell line A549 was treated with 12 different metals. The authors found 

that Ni (II), Co (II), Cr (IV), Mn (II&V), V (V), As (III), Pb (II), Zn (II), and Hg (II) all 

increased HIF-1A protein levels in a time-dependent manner (Ke and Costa, 2006a). 

However, stabilization of HIF-1A does not necessarily induce the downstream effects of 

HIF-1A. For example, cobalt is commonly used as a hypoxia mimetic in cell culture 

studies, but it inhibits respiration, glycolysis, and proliferation (Burk et al., 1946). On the 

other hand, there are toxicants that induce both HIF-1A and its downstream effects. 

Arsenic stabilizes HIF-1A and induces aerobic glycolysis (Zhao et al., 2013; Ganapathy 

et al., 2014). Nickel induces HIF-1A, inhibits OXPHOS, and up-regulates aerobic 

glycolysis (Chen and Costa, 2006). A compound screening study performed by Xia et al. 

found 5 (out of 1408) compounds, Cobalt (II) sulfate, 7-Diethylamino-4-methylcoumarin, 

7,12-Dimethylbenz(a)anthracence, Iodochlorohydroxyquinoline, and o-Phenanthroline,  

caused HIF-1A dependent VEGF secretion. However, alhough Xia et al. did not perform 
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immunoblot analysis to confirm HIF-1A protein stabilization, the authors did note that 

HIF-1A dependent VEGF induction observed would suggest that HIF-1A might be 

stabilized. Surprisingly, crocidolite asbestos has also been found to stabilize HIF-1A 

protein levels and cause resistance to doxorubincin-mediated killing of MM98 

mesothelioma cells (Riganti et al., 2008). HIF-1A is canonically activated under hypoxic 

conditions. However, xenobiotics can cause HIF-1A accumulation under oxygen 

sufficient conditions and lead to HIF-1A downstream gene activation, which is referred 

to as pseudohypoxia. The consequences of pseudohypoxia are up-regulated glycolysis, 

enhanced growth and survival, increased angiogenesis, and the promotion of cellular 

invasion and metastasis. 

 

1.4 CENTRAL RESERCH QUESTION AND SPECIFIC AIMS 

Rationale 

Arsenic toxicity is complicated by the diverse diseases, types of cancers, and molecular 

targets to which it has been associated. A greater definition of key cellular processes 

perturbed by arsenic would benefit fundamental toxicology, public health, and regulatory 

standard settings. Following an initial observation of increased extracellular acidification 

in arsenic exposed cells, aerobic glycolysis was found to be induced by arsenic. The 

perturbation of energy production and transfer by arsenic represents the type of 

fundamental cellular process that could impact diverse downstream cellular pathways 

typical of those associated with arsenic toxicity in various models. The primary goal of 

this study is to understand arsenic-mediated changes in energy metabolism during 



57 
 

arsenic-induced malignancy. The central research question of this study is: Does the 

disturbance of energy metabolism have an impact on arsenic-induced malignancy? 

In order to investigate this research question, five specific aims were developed. 

 

Aim 1 

Establish that arsenic-induced extracellular acidification is caused by glycolysis. 

Rationale: Under chronic arsenic exposure, induced extracellular acidification was 

observed. Lactate and proton cotransport have been previously established (Hamann et 

al., 2000). Establishment of arsenic induction of glycolysis would provide new 

knowledge about the cellular process and molecules that are targets of arsenic-induced 

toxicity. Glycolysis is a fundamental process, and its alteration could lead to the 

perturbation of diverse cellular pathways. The objective of this aim is to determine 

whether arsenic-induced cellular acidification is caused by increased glycolysis.  

 

Aim 2  

Establish that arsenic-induced glycolysis is a generalized phenomenon and 

characterize the mechanisms of arsenic-induced glycolysis.  

Rationale: Based on the initial characterization of arsenic-induced glycolysis in aim 1, 

the objective of this aim was to determine whether arsenic-induced glycolysis is a 

generalized phenomenon that happens in multiple cell types. The significance of this aim 

is that it could potentially explain the various types of tissues that arsenic targets. The 
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second goal of this aim is to identify the molecular cause of arsenite-induced aerobic 

glycolysis.  

 

Aim 3  

Establish that arsenic-induced glycolysis is a result of HIF-1A stabilization. 

Rationale: To examine whether arsenic-induced glycolysis is a result of HIF-1A 

stabilization, time course studies and dose response studies of arsenic accumulation of 

HIF-1A were performed. Arsenic accumulation of HIF-1A was studied at the 

transcriptional and post-translational levels. Determining whether HIF-1A overexpression 

or knockdown can alter glycolysis is critical to determine the role of HIF-1A in 

regulating glycolysis.   

 

Aim 4 

Determine the role of arsenic-induced glycolysis in malignant transformation. 

Rationale: Chronic arsenic exposure causes malignant transformation in BEAS-2B cells. 

Aerobic glycolysis is a common characteristic of malignant cells. This aim tests the 

functional relevance of aims 1, 2, and 3.  

 

Aim 5 

Phenotypic characterization of BEAS-2B cultured under different conditions.   

Rationale: During the study of aim 4, I observed that serum alters BEAS-2B cell 

morphology. Current published studies in BEAS-2B malignant transformation have used 
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serum-based media coupled with chronic exposure to a toxicant. BEAS-2B cells are 

known to have two subpopulations, one of which is sensitive and the other of which is 

resistant to serum-induced squamous differentiation (Ke et al., 1988). This aim is 

designed to provide information in gene expression, energy metabolism profile, and 

susceptibility to arsenic when BEAS-2B cells were cultured under serum-containing or 

serum-free media.  
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1.5 FIGURES 

Figure 1.5.1 U.S. geological distribution of arsenic in groundwater. 

 

U.S. geological survey of United States counties groundwater sample arsenic 

concentration. Red indicates concentrations of arsenic equal or greater than 50ug/L (50 

ppb) (USGS, 2007). 
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Figure 1.5.2 Arsenic biotransformation in humans. 

 

Schematic of arsenic biotransformation (Aposhian et al., 2004) 
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Figure 1.5.3 The glycolysis pathway. 

 

The glycolysis pathway, including intermediates, enzymes, and cofactors. 
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Figure 1.5.4 The citric acid cycle. 

 

The citric acid cycle,including intermediates, enzymes, and cofactors. 
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Figure 1.5.5 Oxidative phosphorylation. 

 

Inner mitochondrial membrane (IMM), intermembrane space (IMS) (Smeitink et al., 

2001). 
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Figure 1.5.6 HIF-1A protein domains. 

 

HIF-1A protein domains: 1 to 826 represent amino acid numbers. P represents proline, N 

represents asparagine. (Rezvani et al., 2011) 
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Figure 1.5.7 HIF-1A regulation. 

  

a) Under normoxic conditions, HIF-1A (HIF-1α) is degraded by the 26s proteasome. b) 

Under hypoxia conditions, HIF-1A dimerizes with HIF-1B and activates HIF-1 target 

genes. Figure adapted from (Carroll and Ashcroft, 2005).  
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1.6 TABLES 

Table 1.6.1 Models of arsenic-induced transformation. 

Cell line 
reported by 

As(III)  
concentration 

Exposure duration 
weeks 

Cell Culture conditions 

BEAS-2B,  
Stueckle et  al. 
2012 

5 µM 26 DMEM, 5% FBS, 2 mM L-
glutamine 

BEAS-2B,  
Zhang et  al. 
2012 

0.25 µM 16 DMEM, 10% FBS, 2mM L-
glutamine 

BEAS-2B,  
Carpenter et  al. 
2011 

0.25, 1, 5 µM 26 DMEM, 10% FBS 

HBE, 
Xu et al. 2012 

1 µM 15 MEM, 10% FBS 

UROtsa, 
Sens et al.2004 

1 µM 52 DMEM:F-12 1:1 5 ng/ml 
selenium, 5 µg/ml insulin, 5 
µg/ml transferrin, 36 ng/mL 
hydrocortisone, 4 pg/mL 
triiodothyronine, and 10 
ng/mL epidermal growth 
factor 

UROtsa, 
Sens et al.2004 

1 µM 52 DMEM, 5% FBS 

UROtsa, 
Bredfeldt et 
al.2006 

0.05 µM* 52 DMEM, 5% FBS 

RWPE-1 
Achanzar et 
al.2002 

5 µM 29 keratinocyte serum-free 
medium, 50 μg/mL bovine 
pituitary extract, 5 ng/mL 
epidermal growth factor 

HaCaT 
Pi et al.2008 

100 nM 28 DMEM. 10% FBS 

 

*  0.05 µM is organic arsenite MMAIII, the reset is inorganic arsenite. 

 

 



68 
 

CHAPTER 2 

ARSENIC EXPOSURE INDUCES THE WARBURG EFFECT IN CULTURED 

HUMAN CELLS 

Some text and figures in this section adapted from: Zhao F, Severson PL, Pacheco S, 

Futscher BW, Klimecki WT (2013) Toxicol. Appl. Pharmacol 271(1):72-77 

 

2.1 ABSTRACT 

Understanding how arsenic exacts its diverse, global disease burden is hampered by a 

limited understanding of the particular biological pathways that are disrupted by arsenic 

and underlie pathogenesis.  A reductionist view would predict that a small number of 

basic pathways are generally perturbed by arsenic, and manifest as diverse diseases.  

Following an initial observation that arsenite-exposed cells in culture acidify their media 

more rapidly than control cells, this report shows that low level exposure to arsenite (75 

ppb) is sufficient to induce aerobic glycolysis (the Warburg effect) as a generalized 

phenomenon in cultured human primary cells and cell lines.  Expanded studies in one 

such cell line, the non-malignant pulmonary epithelial line, BEAS-2B, established that 

the arsenite-induced Warburg effect was associated with increased accumulation of 

intracellular and extracellular lactate, an increased rate of extracellular acidification, and 

inhibition by the non-metabolized glucose analog, 2-deoxyglucose.  Associated with the 

induction of aerobic glycolysis was a pathway-wide induction of glycolysis-associated 

gene expression, as well as protein accumulation of an established glycolysis master-

regulator, hypoxia-inducible factor 1A.  Arsenite-induced alterations of energy 
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production in human cells represents the type of fundamental perturbation that could 

extend to many tissue targets and diseases. 

 

2.2 INTRODUCTION 

Arsenic toxicity to humans has been known for centuries, but human arsenic toxicology 

remains enigmatic.  The contamination of water, food, and air by inorganic arsenic is 

unparalleled in its scope and in the scale of its deleterious impact on human health.  

Recent epidemiological findings in Bangladesh suggest that one in five deaths may be 

attributable to arsenic exposure (Smith et al., 2000; Argos et al., 2010; Flanagan et al., 

2012).  Globally, controversy persists regarding the extent to which drinking water limits 

(typically 10 ppb – 50 ppb) are sufficiently protective against excess cancer risk (Chen et 

al., 1988b; Chen et al., 1992; Smith et al., 1998; Simeonova and Luster, 2004).  While 

efforts aimed at reducing arsenic exposure have met with some success, interventional 

research to mitigate arsenic toxicity is in early stages and of unknown effectiveness.  

 

A substantial obstacle in moving these areas forward is the fundamental puzzle of the 

mechanism or mechanisms of arsenic toxicity. This is complicated by the diversity of 

arsenic-associated diseases. Arsenic exposure in humans is associated with increased risk 

for various cancers (Smith et al., 1992a; Smith et al., 1998), obstructive lung disease 

(Amster et al., 2011), atherosclerosis (Simeonova and Luster, 2004), diabetes (Navas-

Acien et al., 2006a), and neuropathy (Smith et al., 1992a; Smith et al., 1998; Simeonova 

and Luster, 2004; Navas-Acien et al., 2006a; Vahidnia et al., 2007). Molecular target 
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diversity is no less complex. Arsenic studies in experimental models have defined a wide 

range of perturbed pathways, including cellular redox systems (Sinha et al., 2013), DNA 

damage repair (Andrew et al., 2006a), autophagy (Bolt et al., 2010b), apoptosis (Huang 

et al., 1999), and protein homeostasis (Bolt and Zhao et al., 2012). 

 

Greater definition of key cellular processes perturbed by arsenic would benefit 

fundamental toxicology, public health, and regulatory standard settings. A reductionist 

viewpoint would hold that disruption of a small number of fundamental, central cellular 

processes may underlie many of the diverse effects resulting from arsenic exposure. In 

the course of in vitro studies of arsenic-induced malignant transformation, I observed that 

cultured cell lines exposed chronically to arsenite at non-cytotoxic concentrations 

appeared to acidify the extracellular culture media more rapidly than the counterpart 

control cells, despite comparable proliferation rates. The possibility that this increased 

extracellular acidification was due to lactate efflux generated interest in bioenergetic 

metabolism as a potential target of arsenite. 

 

The perturbation of energy production and transfer by arsenic could represent the type of 

fundamental cellular process that could impact diverse downstream cellular processes 

typical of those associated with arsenic toxicity in various models.  This possibility is not 

without support from existing research. Trivalent inorganic arsenic has been 

demonstrated to target mitochondria in a manner that may be relevant to its 

carcinogenicity (Echaniz-Laguna et al., 2012; Zhang et al., 2012b). Chronic, low dose 
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exposure of a pulmonary epithelial cell line (BEAS-2B) causes a marked induction in 

mitochondrial gene expression that is associated with the acquisition of malignant 

characteristics (Stueckle et al., 2012b). Autophagy, a process tightly linked to cellular 

energy balance, is perturbed by arsenic (Bolt et al., 2010b). 

 

This report describes a novel, generalized effect of arsenite on cellular energy 

metabolism: the induction of aerobic glycolysis associated with increased extracellular 

acidification and the accumulation of lactate.   

 

2.3 MATERIALS AND METHODS 

Reagents 

Sodium arsenite solution 0.05M, and 2-deoxy-D-glucose (2-DG, dissolved in Milli-Q 

H2O) were purchased from Sigma Aldrich (St. Louis, MO).  Phosphate buffered saline 

(PBS, Cellgro, Manassas, VA). 

 

Cell culture 

BEAS-2B, an adenovirus12 SV40 large T antigen-positive immortalized, human 

bronchial epithelial cell line (ATCC, Manassas, VA), was cultured with the BEGM 

BulletKit (Lonza, Walkersville, MD) without retinoid acid. RWPE-1, a papilloma virus-

immortalized, human prostate epithelial cell line (ATCC, Manassas, VA), was cultured 

with the keratinocyte serum-free medium kit (Life technologies, Carlsbad, CA). A549, a 

human pulmonary epithelial carcinoma cell line (ATCC Manassas, VA), was cultured in 
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Dulbecco’s Modified Eagle Medium supplemented with 10% v/v FBS and 1% antibiotic-

antimycotic. Primary human urothelial cells (HUC, ScienCell, Carlsbad, CA) were 

cultured with the Urothelial Cells Medium (ScienCell, Carlsbad, CA). Human dermal 

fibroblasts (HDF, Coriell Cell Repositories, Camden, NJ ) were cultured with the 

Medium 106 kit, with the recommended low serum growth supplement (Life 

technologies, Carlsbad, CA). Two million cells were seeded to 75 cm2 culture flasks and 

subcultured when 90% confluence was reached. Trypsin-EDTA (0.25%) was used to 

remove cells from culture flasks for sub-culturing. All cells were incubated under 5% 

CO2 and 95% ambient air at 37oC during culture.  

 

Arsenic exposure 

Cells were exposed to sodium arsenite for 7 to14 days.  For all biochemical assays, 

separate groups for each exposure condition were assayed for viability using trypan blue 

exclusion. 

 

Lactate measurement 

L-lactate levels were measured using the L-lactate assay kit from Biomedical Research 

Service Center (Buffalo, NY) according to the manufacturer protocol.  To minimize 

potential variability introduced by cell culture density, 48 hours prior to analysis, cells 

was re-seeded to 60 mm cell culture dishes at identical density. On the day of harvest, 

one set of cells was counted for cell number normalization.  For extracellular lactate 

determination, 1 mL of cell culture media supernatant media was collected directly from 
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the culture. Samples were deproteinized by polyethylene glycol precipitation and 

clarified by centrifugation at 20,000g for 5 minutes. For intracellular lactate 

determination, cells were washed twice with ice cold Phosphate buffered saline (PBS), 

scraped off the dishes in 100 μl Milli-Q water (4 oC), vortexed vigorously and immersed 

in a 100oC water bath for 10 minutes. The cell lysates were then deproteinized and 

analyzed as described above. For urine lactate analysis, 500ul of human urine sample was 

first deproteinized by PEG, and then clarified by 4oC centrifugation at 20,000g for 5 

minutes. Supernatants were directly used for L-lactate assay. Urine lactate concentrations 

were normalized for hydration status using specific gravity measured by a Goldberg TS 

meter serial number 06134-0212 (Reichert inc. Depew, NY). To verify “in-house” lactate 

measurements, randomly selected samples were sent for independent lactate 

measurement to the University of California, Davis, Comparative Pathology Laboratory, 

where they were analyzed using a Roche Diagnostics Cobas Integra 400 Plus clinical 

analyzer (Roche, Indianapolis, IN).  

 

Antibodies and immunoblot analysis 

After treatment, cells were washed twice with PBS, and lysed in sample buffer [10% 

glycerol, 100 mM DTT, 50 mM Tris-HCl (pH 6.8), 2% SDS]. Samples were then 

denatured in 90oC dry bath for 10 minutes. After sonication, protein concentration was 

measured by Pierce 660 nm Protein Assay (Thermo Scientific, Rockford, IL) according 

to manufacturer protocols. 20µg of each sample were subjected to SDS-polyacrylamide 

gel electrophoresis and immunoblot analysis. A 6% SDS-polyacrylamid gel was used to 
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resolve HIF-1A and Tubulin. Afterwards, gel was transferred to a 0.22 µm nitrocellulose 

membrane (Millipore, Darmstadt, Germany). The membrane was blocked with 5% milk 

in PBST (PBS supplied with 0.1% (v/v) Tween-20) for 30 minutes, and subjected to 

antibody incubation. Primary antibodies were used at the following dilutions: hypoxia-

inducible factor 1alpha (HIF-1A), 1:250 and α-tubulin (Tub), 1:1000 (Santa Cruz 

Biotechnology, Santa Cruz, CA); secondary antibody goat anti-rabbit IgG-HRP and goat 

anti-mouse IgG-HRP (Santa Cruz Biotechnology) were always used at 1:5000 dilution. 

Incubation time for primary antibody was overnight and 2 hours for secondary antibody. 

After primary and secondary antibody incubation membrane was washed 5 times with 

PBST for a total of 25 minutes. Immunoblots were visualized by addition of 

chemiluminescence substrate (Thermo Scientific) and quantified using a GeneGenome5 

imaging system (Syngene, Frederick, MD). 

 

RNA isolation and quantification 

BEAS-2B Cells were washed twice with PBS. Total RNA was isolated using RNeasy 

Mini Kit (Qiagen, Valencia, CA) according to the manufacturer protocol. DNase 

digestion was performed according to manufacture suggestion. RNA quality was checked 

using Nanodrop 2000 (Thermo) 260/280 ratios (>2.0) and 260/230 ratios (>2.1) in all 

samples. RNA (500 ng) was used in cDNA synthesis (RT2 First Strand Kit, Qiagen).  

Quantification of mRNA for genes involved in glucose metabolism was performed using 

Glucose Metabolism PCR Arrays (Qiagen) according to the manufacturer protocol. Real-

time PCR was performed with the StepOnePlus Real-Time PCR system (Life 
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technologies). Data analysis utilized the web-based RT2 Profiler PCR Array Data 

Analysis (Version 3.5 Qiagen). 

 

Extracellular acidification rate measurement 

Extracellular acidification rate (ECAR) was measured using XF96 analyzer (Seahorse 

Bioscience, North Billerica, MA). BEAS-2B cells were counted and seeded into a XF96 

cell culture microplate at a density of 30,000 cells/well 24 hours prior to analysis. 

Immediately prior to analysis, the cell culture media was exchanged for XF assay media 

(unbuffered, 2.5 mM glucose). ECAR was measured at over a period of time in assay 

media. Immediately after ECAR measurement, assay media was removed and cells were 

processed for protein quantification using the Pierce 660 nm Protein Assay (Thermo 

Scientific, Rockford, IL), which was used to normalize the ECAR values from each well. 

 

Statistical analyses 

For data containing two comparison groups, unpaired t-tests were used to compare mean 

differences between control and treatment group at a significance threshold of P<0.05. 

For data containing three or more groups, univariate ANOVA, followed by Tukey’s post 

hoc tests, were used to compare mean differences of groups at a significance threshold of 

P<0.05. Comparison of arsenic-exposed cells to control cells for their ECAR, measured 

at multiple time points over 24 minutes, was performed using repeated measures 

ANOVA analysis.  GraphPad Prism version 6.0 for MAC (GraphPad, La Jolla, CA) was 

used for all statistical analyses. 
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2.4 RESULTS 

Arsenic exposure increases lactate level and extracellular acidification. 

To determine if lactate production is induced by arsenic, BEAS-2B cells were exposed to 

sodium arsenite concentrations from 0 to 4 μM for 7 days, after which cell lysates were 

subjected to lactate analysis. Arsenite exposure increased the intracellular and 

extracellular concentration of lactate in a dose-dependent fashion (Figure 2.6.1). To 

understand how general the arsenite-induced lactate accumulation was, several different 

human cells and cell lines were tested for arsenite-induced lactate accumulation in the 

extracellular media, as well as intracellularly. In both lung epithelial BEAS-2B and 

prostate epithelial RWPE-1, intracellular and extracellular lactate was elevated by 

arsenite exposure (Figure 2.6.2). Intracellular and extracellular lactate levels are strongly 

correlated. To test whether this phenomenon also applies to cancer cells, A549, a lung 

carcinoma cell line was tested, and it was found that intracellular and extracellular lactate 

was elevated by arsenite exposure (Figure 2.6.3). However, immortalized cells and 

cancer cells cannot be simply considered as “normal”. To further investigate arsenite 

induced glycolysis, primary cells were employed. Similar to the findings in BEAS-2B, 

RWPE1, and A549, primary HUC and HDF demonstrated the same arsenite-induced 

glycolysis effect (Figure 2.6.4). This suggests that induction of lactate accumulation is a 

generalized effect of arsenite exposure. To corroborate these findings, ECAR was 

measured in BEAS-2B cells (Figure 2.6.5). ECAR measurement over the course of 24 

minutes demonstrated a significant increase in extracellular acidification in 2-week 
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arsenite-exposed cells, compared to controls. To understand whether arsenite induced 

glycolysis happens in a relatively short period of time, ECAR measurement of 1μM 

arsenite exposure to BEAS-2B cells were measured over a 70 minute time course (Figure 

2.6.6). As early as 20 minutes, arsenic is able to induce ECAR. This suggest that arsenite-

induced glycolysis happens in a relatively short period of time after exposure. 

 

Arsenic-induced lactate is glucose dependent. 

To establish that arsenite-induced increase in lactate was the result of glycolysis, the 

inhibitory activity of the non-metabolized glucose analog, 2-DG, on lactate accumulation 

was tested (Figure 2.6.7A). Concentrations of 2-DG less than 2mM were found to have 

no effect on BEAS-2B cell viability based on trypan blue exclusion. Extracellular lactate 

levels decreased with increasing 2-DG exposure in a dose-dependent manner.  Based on 

the initial dose-response experiment, control cells and BEAS-2B cells that had been 

exposed to arsenite for 14 days were exposed to 2-DG (1 mM) for 48 hours (Figure 

2.6.7B). The inhibition of glycolysis by 2-DG essentially abrogated the increase in lactate 

caused by arsenite exposure. Taken together, the data supports an induction of aerobic 

glycolysis, the Warburg effect, caused by arsenite. 

 

Arsenic-induced glycolysis is associated with a coordinated induction of gene 

expression in the glycolytic pathway. 

Arsenic-induced glycolysis was evaluated at the transcriptional level by RT-PCR. A 

coordinated induction of genes coding for enzymes involved in glucose metabolism was 
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observed in arsenite-treated BEAS-2B cells at 2 weeks and 4 weeks of 1 μM sodium 

arsenite exposure (Figure 2.6.8, Table 2.7.1). Arsenite exposure at 1 μM for 1 week in 

BEAS-2B resulted in decreased mRNA (compared to passage-matched control cells) for 

3 of the 25 glycolysis-related genes, enolase 3 (ENO3), hexokinase 3 (HK3), 

phosphoglycerate kinase 2 (PGK2). One gene, glucokinase (GCK) was induced in the 1 

week group.  The expression of ENO3, HK3, and PGK2 increased in the 2 week samples, 

and were all significantly induced at 4 week exposures (Figure 2.6.8B, Table 2.7.1). In 

the 2 week, 1 μM sodium arsenite exposed BEAS-2B, 14 of the 25 glycolysis related 

genes, fructose bisphosphate aldolase C (ALDOC), 2,3-bisphosphoglycerate mutase 

(BPGM), enolase 1 (ENO1), enolase 3 (ENO3), galactose mutarotase (GALM), glucose-

6-phosphate isomerase (GPI), pyruvate dehydrogenase kinase, isozyme 2 (PDK2), 

pyruvate dehydrogenase kinase, isozyme 3 (PDK3), pyruvate dehydrogenase kinase, 

isozyme 4 (PDK4), phosphoglycerate mutase 2 (PGAM2), phosphoglycerate kinase 1 

(PGK1), phosphoglucomutase 1 (PGM1), and pyruvate kinase, liver and RBC (PKLR) 

were induced (Figure 2.6.8B, Table 2.7.1). At 4 weeks of 1 μM sodium arsenite exposure, 

17 of the 25 glycolysis related genes, fructose bisphosphate aldolase B (ALDOB), 

ALDOC, BPGM, ENO1, enolase 2 (ENO2), ENO3, GALM, GPI, hexokinase 3 (HK3), 

PDK2, PDK3, PDK4, PGAM2, PGK1, phosphoglycerate kinase 2 (PGK2), PGM1, 

PKLR were all significantly induced, compared to passage-matched control cells (Figure 

2.6.8B, Table 2.7.1).  
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The coordinated induction of glycolysis genes suggested the possibility of a master 

regulator controlling the induction. Among the best-characterized transcription factors in 

this context are the Hypoxia inducible factor (HIF) family members.  The RT-PCR arrays 

used to analyze gene expression in this study included 14 HIF-1A-responsive genes 

(Semenza et al., 1994b; Krones et al., 2001; Jean et al., 2006; Kim et al., 2006; Martin-

Rendon et al., 2007; Hamaguchi et al., 2008; Lu et al., 2008; Pelletier et al., 2012; 

Baumann, 2013). Intriguingly 9 out of 14 HIF-1A-responsive genes were induced in the 2 

week 1 μM sodium arsenite exposed cells, and 10 out of 14 HIF-1A-responsive genes 

were induced in the 4 week 1 μM sodium arsenite exposed cells, including ALDOC, 

ENO1, ENO2, GPI, PDK2, PDK3, PDK4, PGK1, PGM1, and PKLR (Figure 2.6.8B, 

Table 2.7.1). To test a possible role for HIF-1A in arsenite-induced glycolysis, HIF-1A 

protein level was evaluated by immunoblot analysis (Figure 2.6.9), which revealed an 

arsenite-induced accumulation of HIF-1A protein.  

 

In arsenic-exposed humans total urinary arsenic and lactate are positively 

correlated. 

To explore the in vivo relevance of arsenic-induced glycolysis, we measured urine lactate 

levels from archived, de-identified urine samples from a prior study (Gomez-Rubio et al., 

2012). Thirty urine samples from highly-arsenic exposed individuals and thirty low 

arsenic-exposure samples were selected, and were subjected to lactate analysis. 

Interestingly, the high total urinary arsenic group also had a significantly higher lactate 

level when compared to the low total urinary arsenic group (Figure 2.6.10). This very 
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preliminary pilot data offers the exciting potential for the translation of this in vitro study 

to humans. 

 

2.5 DISCUSSION 

Primary cells, immortalized cells, and malignant cell lines exposed to 1 μM (75 ppb) 

sodium arsenite, accumulate both intracellular and extracellular lactate. In the pulmonary 

epithelial cell line, BEAS-2B, the arsenite-induced lactate accumulation was inhibited by 

2-DG exposure, establishing that the lactate was derived from glucose via glycolysis. 

Extracellular lactate accumulation was associated with an increased extracellular 

acidification rate, which is consistent with the co-transport of hydrogen ions with lactate 

in monocarboxylate transporters. The glycolysis observed at one week of arsenite 

exposure does not appear to be associated with altered expression of glycolysis-related 

genes. We found that arsenite induces ECAR as early as 19 minutes after arsenite 

exposure, suggesting a direct early effect on the glycolysis process. One possible 

explanation is an allosteric regulation of the glycolysis pathway early in arsenite 

exposure. Allosteric regulation of glycolysis is well-established (Porporato et al., 2011). 

Alternatively, arsenite inactivation of the PDH complex could divert pyruvate toward 

lactate production (Aposhian, 1989; Aposhian et al., 2004). In contrast to the earlier time 

points, between 2 and 4 weeks of arsenite exposure there is a substantial induction of 

both glycolytic genes and glycolysis-regulatory genes, suggesting that increased 

glycolysis in longer-term arsenite exposures is supported by a higher quantity of 

glycolysis pathway members. One gene family in particular, the pyruvate dehydrogenase 
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kinase family, is responsible for the inactivating, post-translational modification of 

mitochondrial pyruvate dehydrogenase, with a resultant shift of pyruvate to glycolytic 

metabolism (Gudi et al., 1995; Kolobova et al., 2001). A significant induction of three 

pyruvate dehydrogenase kinase family members in arsenite-exposed BEAS-2B cells was 

observed in this study. 

 

Glycolysis is a coordinated pathway that is under the control of master regulatory genes, 

most notably the hypoxia-responsive transcription factors of the HIF family, particularly 

HIF-1A (Yeung et al., 2008). A significant increase of HIF-1A protein levels in BEAS-

2B cells exposed to arsenite for 2 weeks was observed, and HIF-1A protein remains 

elevated at 8 weeks of 1 μM arsenite exposure (see chapter 3).  In its well-characterized 

role as a hypoxia-responsive factor, HIF-1A is constitutively transcribed, but degraded in 

an oxygen-dependent process that is interrupted during hypoxic conditions (Semenza, 

2001; Yu et al., 2001). Several metals causes accumulation of HIF-1A protein levels (Li 

et al., 2006).  HIF-1A protein levels can be increased by exposure to arsenic (reviewed in 

(Ke and Costa, 2006a).  Our data suggest that a potential consequence of the modulation 

of HIF-1A by arsenite may be alterations in cellular energy metabolism. Chapter 3 

establishes the HIF-dependence of arsenite-induced glycolysis. 

 

The data presented in this report suggest that a general consequence of extended in vitro 

exposures to inorganic arsenic at 75 ppb is a perturbation of glucose catabolic pathways 

that results in increased glycolysis.  This increased glycolytic rate is occurring under 
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oxygen replete conditions, a phenomenon first characterized by Otto Warburg in the 

1920s, subsequently dubbed the Warburg effect (Warburg, 1956). The in vitro findings 

were then examined in vivo by measuring lactate levels of thirty urine samples from 

highly-arsenic exposed individuals and thirty low arsenic samples. A strong correlation 

was found in total urinary arsenic and urine lactate levels. This preliminary human data 

not only corresponds well with the in vitro cell culture based study, it also offers the 

potential of translating the arsenic-induced Warburg effect to human studies. To our 

knowledge this is the first report of an environmental toxicant exposure inducing the 

Warburg effect.   

 

The induction of glycolysis by arsenite occurs in diverse cell types in vitro, including 

primary cells of diverse embryonic origin (human urinary bladder epithelial, dermal 

fibroblasts), immortalized non-malignant cells (prostate epithelial, pulmonary epithelial), 

and malignant cells (lung epithelial carcinoma).  This suggests that the ability of arsenite 

to induce glycolysis is unlikely to be extremely specific to particular cell types and may 

occur at the level of fundamental biochemical pathways.  This is intriguing in light of the 

diversity of cellular targets represented in arsenic-associated human disease, including 

the association between chronic arsenic exposure and the risk of several human cancers. 

The induction of aerobic glycolysis during the acquisition of malignancy is an area of 

current interest in carcinogenesis research.  The Warburg effect is a metabolically 

supportive phenotype for the increased demands associated with growth, proliferation, 

and invasion of cancer cells (Vander Heiden et al., 2009).  While less efficient than 
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oxidative phosphorylation in terms of ATP molecules produced per molecule of glucose, 

glycolysis has a higher turnover rate and has the additional advantage of producing 

molecular intermediates that can be used in biosynthetic pathways (Najafov and Alessi, 

2010). Equally interesting is the possibility that in cancer development, induction of 

glycolysis in neighboring stromal cells may result in their production of extracellular 

lactate that is then taken up and consumed by the transformed cells, a scenario dubbed the 

“reverse Warburg” effect (Pavlides et al., 2009; Pavlides et al., 2010). Thus, a plausible 

case could be made for arsenite-induced glycolysis in a permissive role in carcinogenesis 

either by the Warburg effect or by a “reverse Warburg” effect. 

 

Energy metabolism and its modulation is an intense area of scientific focus, with 

publications associating perturbed catabolic and anabolic pathways with diseases ranging 

from cancer to diabetes to atherosclerosis to developmental defects.  Futures studies 

should shed light on the extent to which arsenic toxicology explains the overlap between 

diseases associated with arsenic exposure and those associated with disrupted energy 

metabolism. 

 

Conclusions 

1. Aerobic glycolysis, the Warburg effect, is induced during arsenite exposure 

2. Arsenite-induced aerobic glycolysis is a general phenomenon.  

3. Arsenite-induced aerobic glycolysis is associated with a coordinated 

induction of gene expression in the glycolytic pathway. 
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4. HIF-1A is accumulated during arsenite-induced glycolysis. 
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2.6 FIGURES 

Figure 2.6.1 Sodium arsenite exposure increases BEAS-2B intracellular and 

extracellular lactate levels in a dose-dependent fashion. 

A 

 

B 

 

(A) BEAS-2B cellular lactate levels (μmol per million cells) from 1 week exposure of 0-4 

μM arsenite (Lactate, +/- S.D., from 3 independent replicates). (B) BEAS-2B media 

(extracellular) lactate levels from 1 week exposure of 0-4 μM arsenite (Lactate, +/- S.D., 

from 3 independent replicates). * P<0.05 
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Figure 2.6.2 Sodium arsenite increases intracellular and extracellular lactate levels 

in epithelial cells. 

A      B 

  

C      D 

 

(A, B) BEAS-2B cellular or culture media lactate levels (μmol per million cells) from 1 

or 2 week 1μM arsenite exposure (Lactate, +/- S.D., from 3 independent replicates). (C, 

D) RWPE-1 cellular or culture media lactate levels from 1 or 2 week 1μM or 5μM 

arsenite exposure (Lactate, +/- S.D., from 3 independent replicates). * P<0.05 
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Figure 2.6.3 Sodium arsenite increases intracellular and extracellular lactate levels 

in carcinoma cells. 

A      B 

  

(A, B) A549 cellular or culture media lactate levels (μmol per million cells) from 1 or 2 

week 1 μM arsenite exposure (Lactate, +/- S.D., from 3 independent replicates). * P<0.05 
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Figure 2.6.4 Sodium arsenite increases intracellular and extracellular lactate levels 

in human primary cells. 

 

Human urothelial cells (HUC) and human dermal fibroblasts (HDF) media lactate levels 

(μmol per million cells) from 1 week 1 μM arsenite exposure (Lactate, +/- S.D., from 3 

independent replicates). * P<0.05 
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Figure 2.6.5 Sodium arsenite increases BEAS-2B ECAR. 

 

Extracellular acidification rate (ECAR, milli-pH units per minute, normalized to cellular 

protein per well) of BEAS-2B control vs. 2 week 1 μM sodium arsenite exposure. (ECAR, 

+/- S.D., from 12 replicates). *** P<0.0001 
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Figure 2.6.6 Acute sodium arsenite exposure increases ECAR in BEAS-2B. 

 

Extracellular acidification rate (ECAR, milli-pH units per minute) of BEAS-2B exposed 

to 1 μM sodium arsenite over a 70 minute time course (ECAR, +/- S.D., from 12 

replicates). * P<0.05 
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Figure 2.6.7 Inhibition of lactate production by 2-DG. 

A 

 

B 

 

(A) Lactate levels in BEAS-2B culture media after 72 hour 2-DG dose response (% 

Lactate, +/- S.D., from 6 replicates). (B) Lactate levels in BEAS-2B culture media with 

or without 1 week 1μM arsenite treatment and 48 hour terminal 2-DG treatment (Lactate, 

+/- S.D., from 3 independent replicates). * P<0.05 
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Figure 2.6.8 Glycolysis related gene expression in BEAS-2B. 

(A) Diagram of the glycolysis pathway labeled with induction (red arrow) or repression 

(green arrow) of transcription at 4 week 1 μM arsenite exposure in Beas-2. (B) Gene 

expression heatmap (Mean of 3 independent replicates) of glycolysis-related genes. 

“HR”: HIF-1A-responsive gene. * P<0.05 compared to control. 
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Figure 2.6.9 Arsenite causes HIF-1A accumulation in BEAS-2B. 

A 

 

B 

 

(A) HIF-1A immunoblot of BEAS-2B treated with or without 1μM arsenite for 2 weeks. 

“Tub”: α-tubulin. (B) Immunoblot quantification, HIF-1A normalized to α-tubulin (+/- 

S.D. from 3 independent replicates). * P<0.05 
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Figure 2.6.10 Correlation between total urine arsenic and lactate concentration in 

arsenic-exposed people. 

 

Urine lactate levels from high and low total urinary arsenic samples (Lactate, +/- S.D., 

from 28 high arsenic or 30 low arsenic subjects) *** P<0.0001 

 

 

 

 

 

 

 

 

 



95 
 

2.7 TABLES 

2.7.1 List of mRNA quantification of glucose-metabolism-related genes (3 

independent replicates). Values of 1 wk, 2 wk, and 4 wk represent the gene expression 

fold-change of BEAS-2B cells treated with 1 μM arsenite for 1 wk, 2 wk, and 4 wk 

compared to control. Reference gene used is Beta-actin ACTB). Unadjusted (for Type I 

error) P-value calculated by ANOVA (for each gene, comparing Control, 1wk, 2wk, 

4wk), followed by Tukey’s post hoc test. Symbol:  HUGO-approved gene symbol. 

Refseq: NCBI Reference Sequence Database. 

Symbol Refseq 1wk 
1wk  

p-value 2wk 
2wk  

p-value 4wk 
4wk 

 p-value 

ACLY 

NM_
0010
96 0.9829 0.9997 1.5859 0.0751 2.1288 0.0005 

ACO1 
NM_002
197 0.9976 > 0.9999 1.9115 0.0041 3.0605 < 0.0001 

ACO2 
NM_001
098 0.8921 0.9326 1.1668 0.8507 1.1875 0.8046 

AGL 
NM_000
028 0.9931 > 0.9999 1.3421 0.4135 1.0738 0.9823 

ALDOA 
NM_000
034 1.084 0.9746 1.2499 0.6469 1.3364 0.4265 

ALDOB 
NM_000
035 0.7163 0.2997 1.101 0.9581 2.3789 < 0.0001 

ALDOC 
NM_005
165 1.0652 0.9875 3.1947 < 0.0001 4.478 < 0.0001 

BPGM 
NM_001
724 0.8237 0.74 1.7057 0.0272 1.8226 0.0094 

CS 
NM_004
077 0.9557 0.9953 1.0897 0.9696 1.1566 0.8715 

DLAT 
NM_001
931 0.9114 0.9622 1.2717 0.5895 1.3317 0.4377 

DLD 
NM_000
108 0.9778 0.9994 1.3826 0.3261 1.4924 0.155 

DLST 
NM_001
933 0.9505 0.9934 0.732 0.3602 0.6098 0.048 
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Symbol Refseq 1wk 
1wk  

p-value 2wk 
2wk  

p-value 4wk 
4wk 

 p-value 

ENO1 
NM_001
428 1.0213 0.9995 3.1029 < 0.0001 4.2988 < 0.0001 

ENO2 
NM_001
975 1.0277 0.999 1.6169 0.0582 2.6113 < 0.0001 

ENO3 
NM_001
976 0.6088 0.0469 1.7131 0.0254 1.9606 0.0025 

FBP1 
NM_000
507 1.1029 0.9559 0.921 0.9731 1.8055 0.011 

FBP2 
NM_003
837 0.2844 < 0.0001 0.9318 0.9827 2.0818 0.0008 

FH 
NM_000
143 0.9196 0.9716 1.3533 0.388 1.5693 0.0858 

G6PC 
NM_000
151 1.1523 0.8799 0.9462 0.9915 2.4251 < 0.0001 

G6PC3 
NM_138
387 0.9775 0.9994 1.4014 0.2899 1.4235 0.2511 

G6PD 
NM_000
402 1.2505 0.6455 2.3667 < 0.0001 3.033 < 0.0001 

GALM 
NM_138
801 0.7253 0.3336 2.1851 0.0003 2.8092 < 0.0001 

GBE1 
NM_000
158 1.1626 0.8594 1.4302 0.2401 1.9607 0.0025 

GCK 
NM_000
162 1.7652 0.0159 0.921 0.9731 1.4286 0.2427 

GPI 
NM_000
175 0.9497 0.9931 1.6623 0.0396 1.8263 0.0091 

GSK3A 
NM_019
884 0.9683 0.9983 0.889 0.9268 0.9578 0.9959 

GSK3B 
NM_002
093 1.0148 0.9998 0.9892 > 0.9999 0.9886 > 0.9999 

GYS1 
NM_002
103 1.0956 0.9639 2.0305 0.0013 2.3115 < 0.0001 

GYS2 
NM_021
957 0.6644 0.1411 1.631 0.0517 3.51 < 0.0001 

H6PD 
NM_004
285 0.841 0.8012 0.8092 0.6843 0.5044 0.002 

HK2 
NM_000
189 1.0122 > 0.9999 0.6888 0.2071 0.7288 0.3475 

HK3 
NM_002
115 0.2793 < 0.0001 0.5141 0.0029 2.6567 < 0.0001 

IDH1 NM_005 0.9481 0.9924 3.463 < 0.0001 4.8097 < 0.0001 
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Symbol Refseq 1wk 
1wk  

p-value 2wk 
2wk  

p-value 4wk 
4wk 

 p-value 
896 

IDH2 
NM_002
168 0.855 0.8448 1.9352 0.0032 1.8204 0.0096 

IDH3A 
NM_005
530 0.921 0.9731 0.808 0.6793 0.8348 0.7801 

IDH3B 
NM_174
856 0.9155 0.9672 1.2532 0.6384 1.3028 0.5089 

IDH3G 
NM_174
869 0.9519 0.994 1.7581 0.017 2.1842 0.0003 

MDH1 
NM_005
917 0.9786 0.9995 1.3371 0.425 1.7462 0.0189 

MDH1B 
NM_001
039845 0.4923 0.0013 1.561 0.0917 0.9753 0.9992 

MDH2 
NM_005
918 0.8592 0.8567 1.0896 0.9697 1.0529 0.9931 

OGDH 
NM_002
541 0.971 0.9987 1.1698 0.8442 1.4466 0.2147 

PC 
NM_000
920 0.7735 0.5342 1.758 0.017 1.7293 0.022 

PCK1 
NM_002
591 0.9776 0.9994 0.8474 0.8218 3.8617 < 0.0001 

PCK2 
NM_004
563 0.8744 0.8959 0.7014 0.2473 0.1782 < 0.0001 

PDHA1 
NM_000
284 0.9105 0.9611 1.1197 0.9344 1.2042 0.7647 

PDHB 
NM_000
925 0.9044 0.9528 1.4549 0.2027 2.0575 0.001 

PDK1 
NM_002
610 0.9533 0.9945 0.9779 0.9994 0.6931 0.2203 

PDK2 
NM_002
611 0.6644 0.1411 2.1593 0.0004 3.1006 < 0.0001 

PDK3 
NM_005
391 0.9436 0.9902 2.1431 0.0004 2.8266 < 0.0001 

PDK4 
NM_002
612 0.8058 0.6703 4.6867 < 0.0001 4.9251 < 0.0001 

PDP2 
NM_020
786 1.033 0.9982 1.0935 0.966 1.3958 0.3003 

PDPR 
NM_017
990 0.8594 0.8574 1.1379 0.9059 1.2549 0.6338 

PFKL 
NM_002
626 0.8915 0.9315 1.0003 > 0.9999 0.8464 0.8187 
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Symbol Refseq 1wk 
1wk  

p-value 2wk 
2wk  

p-value 4wk 
4wk 

 p-value 

PGAM2 
NM_000
290 0.8465 0.8188 1.9266 0.0035 4.0736 < 0.0001 

PGK1 
NM_000
291 1.0549 0.9923 1.7991 0.0117 2.2163 0.0002 

PGK2 
NM_138
733 0.3515 < 0.0001 0.9259 0.9778 5.0977 < 0.0001 

PGLS 
NM_012
088 0.8868 0.9226 0.9526 0.9942 0.7401 0.3926 

PGM1 
NM_002
633 1.0202 0.9996 1.765 0.016 2.1872 0.0003 

PGM2 
NM_018
290 1.0607 0.9898 1.1943 0.7888 1.0191 0.9997 

PGM3 
NM_015
599 1.1842 0.8123 0.7972 0.6352 0.8789 0.906 

PHKA1 
NM_002
637 1.1023 0.9566 1.2489 0.6495 0.8382 0.7915 

PHKB 
NM_000
293 0.8481 0.8238 1.7284 0.0222 1.6785 0.0345 

PHKG1 
NM_006
213 0.777 0.5495 1.2808 0.5655 1.37 0.3518 

PHKG2 
NM_000
294 1.0169 0.9998 1.3572 0.3792 1.2348 0.6867 

PKLR 
NM_000
298 1.3045 0.5044 7.8614 < 0.0001 16.2084 < 0.0001 

PRPS1 
NM_002
764 0.9576 0.9959 1.1574 0.8699 1.5127 0.1333 

PRPS1L
1 

NM_175
886 1.1075 0.9506 1.6052 0.0641 2.5809 < 0.0001 

PRPS2 
NM_002
765 0.9801 0.9996 1.1616 0.8615 1.1627 0.8593 

PYGL 
NM_002
863 1.0243 0.9993 1.0599 0.9902 0.9462 0.9915 

PYGM 
NM_005
609 0.9532 0.9944 0.5842 0.0257 1.332 0.437 

RBKS 
NM_022
128 0.9945 > 0.9999 1.398 0.2961 1.5636 0.0898 

RPE 
NM_199
229 0.9439 0.9904 0.7265 0.3383 0.7218 0.3202 

RPIA 
NM_144
563 0.968 0.9982 0.9175 0.9695 0.933 0.9836 

SDHA NM_004 1.021 0.9995 1.1438 0.8956 1.1939 0.7896 
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Symbol Refseq 1wk 
1wk  

p-value 2wk 
2wk  

p-value 4wk 
4wk 

 p-value 
168 

SDHB 
NM_003
000 1.0238 0.9993 1.0687 0.9855 1.097 0.9624 

SDHC 
NM_003
001 0.9422 0.9895 1.5219 0.1243 1.5395 0.1085 

SDHD 
NM_003
002 0.8604 0.86 0.8264 0.7502 0.8219 0.7334 

SUCLA
2 

NM_003
850 0.9052 0.9539 0.8375 0.7892 0.806 0.6712 

SUCLG
1 

NM_003
849 0.8632 0.8676 1.9079 0.0042 2.2921 < 0.0001 

SUCLG
2 

NM_003
848 0.8985 0.9437 1.1378 0.906 1.0917 0.9677 

TALDO
1 

NM_006
755 0.911 0.9617 1.2717 0.5894 1.3883 0.3147 

TKT 
NM_001
064 1.0613 0.9895 2.7881 < 0.0001 2.6525 < 0.0001 

TPI1 
NM_000
365 0.9252 0.9772 1.2368 0.6815 1.4828 0.1663 

UGP2 
NM_006
759 0.9658 0.9978 1.5824 0.0772 1.7955 0.0121 
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CHAPTER 3 

ARSENIC-INDUCED PSEUDOHYPOXIA IS ASSOCIATED WITH 

MALIGNANT TRANSFORMATION IN BEAS-2B 

 

3.1 ABSTRACT 

Epidemiology studies have revealed a strong link between lung cancer and arsenic 

exposure. Currently, the role of disturbed energy metabolism in carcinogenesis is a focus 

of scientific interest. Hypoxia inducible factor-1 alpha (HIF-1A) is a key regulator of 

glycolysis, and it has been found to accumulate during arsenite exposure under oxygen 

sufficient conditions. In this study, using the non-malignant lung epithelial BEAS-2B cell 

model, HIF-1A mediated glycolysis was found to play an essential role in arsenite 

mediated malignant transformation. Arsenite exposure extended HIF-1A protein half-life. 

The accumulation of HIF-1A caused an induction in glycolysis, which was observed 

during the course of a 52 week arsenite transformation study in BEAS-2B. In a 52 week 

transformation study, there was a time dependent increase in anchorage independent 

growth measured by soft agar. When HIF-1A expression was stably suppressed, arsenite 

induced glycolysis was abrogated, and the anchorage independent growth was reduced. 

These findings suggest that the hypoxia-mimetic effect of arsenite plays an important role 

in arsenite-induced malignant transformation. 

 

3.2 INTRODUCTION 

Inorganic arsenic is unique among environmental toxicants in several ways. 
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Epidemiological research has established it as an unequivocal human carcinogen, 

however there is no consensus as to its carcinogenic mechanism of action.  Diseases and 

tissue targeted by arsenic are unprecedented in their diversity, including cancer and 

chronic, non-cancer diseases in multiple tissue targets.  Among these targets is the lung.   

Epidemiology studies have established a strong link between environmental arsenic 

exposure and lung cancer (Smith et al., 1992a; Smith et al., 1998; Smith et al., 2000). 

The diverse pathologies caused by arsenic could be due to a small number of fundamental 

biological processes that are disrupted and result in a context dependent diverse set of 

pathologies.  We have previously shown that arsenite, a prototypical inorganic arsenic 

form, perturbs one such fundamental process, energy metabolism  (Zhao et al., 2013). 

 

Glycolysis is the first stage of glucose metabolism. After glucose enters the cell, 

glycolysis breaks down the 6-carbon glucose, using a sequence of ten cytosolic enzyme-

catalyzed reactions, with a net yield of two 3-carbon pyruvate and two ATP molecules. 

Under oxygen sufficient conditions, pyruvate is converted into acetyl-coenzyme A 

(Acetyl-CoA) in the mitochondria, which then enters the tricarboxylic acid cycle (TCA 

cycle, also known as Krebs cycle or citric acid cycle).  NADH and succinate generated by 

the TCA cycle are then utilized by oxidative phosphorylation (OXPHOS) to produce 36 

ATP molecules per molecule of glucose. Although glycolysis is far less efficient than 

OXPHOS in ATP production, glycolysis has many advantages for tumor cells and 

proliferative tissue (Vander Heiden et al., 2009). Intermediates from glycolysis, such as 

glucose-6-phosphate, fructose-6-phosphate, and glyceraldehyde-3-phosphate are starting 
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materials for ribose-5-phosphate which is used in nucleotide synthesis (Moran, 2012). 

Amino acid synthesis also utilizes glycolysis intermediates. Pyruvate can be synthesized 

to alanine, valine, and leucine; 3-phospho-glycerate can be synthesized to serine, 

cysteine, and glycine (Pizer, 1963).  

 

Hypoxia inducible factor-1 alpha (HIF-1A) has been reported to be a master 

transcriptional factor controlling a battery of genes that regulate a number of cellular 

processes including glycolysis (Semenza et al., 1994a; Gordan and Simon, 2007). Under 

oxygen sufficient conditions, HIF-1A is under the tight regulation of prolyl hydroxylase 

domain (PHD) proteins and von Hippel-Lindau (VHL). PHD hydroxylates HIF-1A 

proline-403,  proline-564, or both, in a process that requires oxygen and α-ketoglutarate 

(Hewitson et al., 2002; McNeill et al., 2002). Hydroxylation of HIF-1A enables the 

binding of VHL, which is the recognition subunit of an E3 ubiquitin ligase that mediates 

poly-ubiquitylation and proteasomal degradation of HIF-1A (Maxwell et al., 1999). 

When oxygen is limited, PHD cannot hydroxylate HIF-1A, and VLH cannot recognize 

the non-hydroxylated HIF-1A. Therefore, HIF-1A is stabilized and heterodimerizes with 

constitutively expressed hypoxia inducible factor-1 beta (HIF-1B) to activate downstream 

genes. However, HIF-1A protein can also be stabilized through non-oxygen dependent 

processes. In particular, exposure to metals including arsenite can result in accumulation 

of HIF-1A (Ke and Costa, 2006a; Li et al., 2006; Zhao et al., 2013).  

 

The ability of arsenite to increase HIF-1A and glycolysis in an in vitro model of 
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pulmonary epithelium led generated interest in whether these effects could be related to 

arsenite-induced malignant transformation in the lung.  We explored this in the BEAS-2B 

cell line, an in vitro model which has been successfully used in studies of arsenite-

induced malignancy (Liu et al., 2011; Stueckle et al., 2012a; Zhang et al., 2012a; Johnen 

et al., 2013).  

 

3.3 MATERIALS AND METHODS 

Reagents 

Sodium arsenite 50 mM stock solution, MG132 were purchased from Sigma Aldrich (St. 

Louis, MO).  Phosphate buffered saline (PBS, Cellgro, Manassas, VA). 

 

Arsenite exposure 

Unless indicated, cells were exposed to 1μM sodium arsenite for 2 weeks. For all 

biochemical assays, separate groups for each exposure condition were assayed for 

viability using trypan blue exclusion. 

 

Cell culture 

BEAS-2B (ATCC, Manassas, VA) is an SV40 immortalized, non-malignant cell line that 

was isolated during autopsy from normal human bronchial epithelium (Amstad et al., 

1988). BEAS-2B was cultured with the BEGM media (Lonza, Walkersville, MD). Two 

million cells were seeded to 75 cm2 culture flasks and subcultured when 90% confluence 

was reached. Trypsin-EDTA (0.25%) was used to remove cells from culture flasks for 
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sub-culturing. All cells were incubated under 5% CO2 at 37oC during culture.  

 

Establishment of stable cell lines 

Control and HIF-1A shRNA lentivirual particals were purchased from Santa Cruz 

Biotechnology. BEAS-2B cells were infected with control and HIF-1A shRNA 

lentivirual particals with an MOI (multiplicity of infection) of 10. Forty-eight hours after 

infection, cells were selected for 2 weeks under 3μg/mL puromycin in BEGM media. 

 

Lactate measurement 

Cell media L-lactate levels were measured using the L-lactate assay kit from Biomedical 

Research Service Center (Buffalo, NY) according to the manufacturer protocol.  Forty-

eight hours prior to analysis, cells were transferred to 35mm cell culture dishes at 

identical density to minimize potential variability introduced by cell culture density; 4 

hours prior to analysis, culture media was replaced with 1 mL of fresh culture media. For 

extracellular lactate determination, 800 μL of supernatant media was collected directly 

from the culture. Samples were deproteinized by 25% w/v polyethylene glycol PEG-8000 

precipitation and clarified by centrifugation at 20,000g for 5 min. The accuracy of “in-

house” lactate measurements, was verified previously by inter-lab comparison with 

duplicate samples analyzed by the Comparative Pathology Laboratory, University of 

California, Davis (Zhao et al., 2013).  

 

Antibodies and immunoblot analysis 
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Primary antibodies were used at the following dilutions: hypoxia-inducible factor 1 alpha 

(HIF-1A) 1:250, E-cadherin 1:250, and α-tubulin 1:1000 (Santa Cruz Biotechnology, 

Santa Cruz,CA); secondary antibody goat anti-rabbit IgG-HRP and goat anti-mouse IgG-

HRP (Santa Cruz Biotechnology) were always used at 1:5000 dilution. After treatment, 

cells were washed twice with PBS, and lysed in sample buffer [10% glycerol, 100 mM 

DTT, 50 mM Tris-HCl (pH 6.8), 2% SDS]. Samples were then denatured in 90oC dry 

bath for 5 min. After sonication, protein concentration was measured by Pierce 660 nm 

Protein Assay (Thermo Scientific, Rockford, IL). Equal concentrations of each sample 

(final concentration 0.1% v/w bromopheno blue) were subjected to SDS-polyacrylamide 

gel electrophoresis and immunoblot analysis. Immunoblots were visualized by addition 

of chemiluminescent substrate (Thermo Scientific, Rockford, IL) and quantified using a 

GeneGenome5 imaging system (Syngene, Frederick, MD). 

 

RNA isolation and quantification 

Total RNA was isolated from BEAS-2B cells using the RNeasy Mini Kit (Qiagen, 

Valencia, CA) according to manufacturer protocol. HIF-1A (Hs00153153_m1) and 

GAPDH (HS 099999905_m1) PCR TaqMan Gene Expression Assay was purchased from 

Life Technologies (Grand Island, NY). Real-time PCR was performed with TaqMan 

One-Step RT-PCR Master Mix according to manufacturer’s protocol using the 

StepOnePlus Real-Time PCR system (Life Technologies). 

 

Soft agar assay 
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Cells were removed from culture flask with trypsin, suspended in culture media, and used 

in soft agar assays to measure anchorage independent growth. Briefly, 2ml of 0.7% agar 

in complete growth media was used to cover the bottom of each well (6-well plate). 

10,000 cells were suspended in 2ml 0.35% agar in complete growth media and overlaid 

onto base agar. Each agar layer was allowed to solidify for 30 min at room temperature. 

2ml BEGM media was added on top of the agar layers, and was replaced with fresh 

media every 3 days. After 14 days of incubation agar plates were stained for viable 

colonies with MTT (3-(4,5-dimethylthizol-2-yl)-2,5-diphenyltetrazolium bromide). After 

8 hours of incubation plates were digitally photographed at identical exposure settings 

under fluorescent transillumination. Digital images were analyzed using identical analysis 

parameters with the particle count module of NIH ImageJ. 

 

Ploidy Measurement 

BEAS-2B cells were plated in 60mm dishes at a density of 1 million cells per dish. When 

cells were 80-90% confluent, media was removed, cells were trypsinized, quenched with 

defined trypsin inhibitor (Life technologies), and were washed twice with PBS. Cells 

were centrifuged at 1000g for 10 minutes at 4oC. PBS was removed, and cells were fixed 

by slowly adding 1ml of ice-cold 70% ethanol while vortexing. Cells suspended in 

ethanol were stored in -20oC overnight. Prior to analysis fixed cells were centrifuged at 

1500g for 15 minutes at 4 oC, ethanol was removed, and cells were resuspended in 0.5ml 

cold PBS containing a final concentration of 0.5mg/mL RNAse A(Life Technologies, 

Grand Island, NY) and 0.04mg/mL propidium iodide (Sigma Aldrich, St. Louis, MO). 
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Samples were then incubated at 37 oC for 30 minutes protected from light. Samples were 

analyzed using a FACScan cytometer (BD Bioscience, San Jose, CA), at  

excitation/emission wavelengths of 488/650nm.  A total of 50,000 events were collected 

for each sample.  Ploidy analysis was performed using ModFit 3.0 (Verity Software 

House, Topsham, ME). 

 

Transfection 

Transfection was performed using the Invitrogen Neon system (Life Technologies) with 

the recommended parameters: Cell density 5x106 cells/ml, pulse voltage 1290V, pulse 

width 20ms, pulse number 2, tip type 10ul, with 1ug of DNA plasmid. Plasmid used for 

transfection, HA-HIF-1A P402A/P564A-pcDNA3 (Addgene, Cambridge,MA) was 

created as previously described (Yan et al., 2007). After transfection, cells were 

transferred to a 6-well plate for 48 hours before preforming other assays. 

 

Protein Half-life measurement 

To measure the half-life of HIF1A, cells were either treated with or without 1µM sodium 

arsenite for 2 weeks. 50µM cycloheximide(CHX) was added to block protein synthesis as 

previously described (Zhao et al., 2009). Total cell lysates were collected at 0, 2.5, 5, 10 

minute time points and subjected to immunoblot analysis for HIF-1A. The relative 

intensity of bands was quantified using the GeneGenome5 imaging system (Syngene, 

Frederick, MD). 
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Immunofluorescence staining 

BEAS-2B cells were grown on collagen coated (Sigma Aldrich) glass coverslips in 6-

well plates. The glass coverslips carrying BEAS-2B cells were fixed in ice-cold methanol 

and incubated in -20oC for one hour. Cover slips were then washed in PBS and incubated 

in anti-HIF-1A primary antibody diluted 1:100 in PBS containing 10% fetal bovine 

serum for 50 minutes.  After primary antibody incubation, coverslips were washed in 

PBS followed by a 50 minute incubated in secondary antibody Alexa Fluor 488-

conjugated anti-rabbit IgG (Life Technologies) diluted 1:100 in PBS containing 10% 

fetal bovine serum and DAPI (Life Technologies) 300nM. Finally, the coverslips were 

washed in PBS and mounted with ProLong Gold Antifade Reagent (Life Technologies) 

on glass slides. Stained cells were imaged using 3i Marianas Ziess Observer Z1 system 

and Slidebook 5.0 (Intelligent Imaging Innovations, Denver, Co). The images were 

exported from Slidebook to TIF files.  

 

Sub-cellular fractionation 

Fractionation of BEAS-2B cells was performed using NE-PER nuclear and cytoplasmic 

extraction reagents according to manufacture protocol (Thermo Scientific, Rockford, IL). 

Briefly, BEAS-2B cells were trypsinized, quenched with defined trypsin inhibitor, and 

washed with PBS. Five million cells from each treatment group were pelleted by 

centrifugation at 500g for 3 minutes. The supernatant was removed and discarded. Ice-

cold cytoplasmic extraction reagent I  was added to the cell pellet, and vortexed 

vigorously for 15 seconds, followed by 10 minute incubation on ice. Cytoplasmic 
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extraction reagent II buffer was then added to each sample, and vortexed for 5 seconds, 

followed by 1 minute incubation and another 5 seconds of vortex, and 16,000g 

centrifugation. The nuclear fraction (pellet) was extracted with nuclear extraction reagent. 

Cytoplasmic (supernatant) and nuclear extracts were subjected to immunoblot analysis. 

 

Metabolomic analysis 

Cell culture extraction: two week 1 µM sodium arsenite treated and control cells were 

trypsinized and washed twice with ice cold PBS. Three biological replicates were done 

for each group. Six million cells per sample were pelleted and snap frozen in liquid 

nitrogen to preserve the metabolic state. Pellets were subjected to the Metabolomics core 

Facility at the University of Utah for GC-MS analysis. Briefly, proteins were removed by 

precipitation as previously described (A et al., 2005). 360 uL of -20°C 90% methanol 

(aq.) was added to 40 µL of the individual tubes containing the cell pellet to give a final 

concentration of 80% methanol.  The samples were incubated for one hour at -20°C 

followed by centrifugation at 30,000 x g for 10 minutes using a rotor chilled to -20°C.  

The supernatant containing the extracted metabolites was then transferred to fresh 

disposable tubes and completely dried by vacuum.  

 

GC-MS analysis (method provided by metabolomics core facility at the University of 

Utah): all GC-MS analysis was performed with a Waters GCT Premier mass 

spectrometer fitted with an Agilent 6890 gas chromatograph and a Gerstel MPS2 

autosampler.  Dried samples were suspended in 40 µL of a 40 mg/mL O-methoxylamine 
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hydrochloride (MOX) in pyridine and incubated for one hour at 30°C.  Twenty five  µL 

of this solution was transferred to autosampler vials. Ten microliters of N-methyl-N-

trimethylsilyltrifluoracetamide (MSTFA) was added automatically via the autosampler 

and incubated for 60 minutes at 37°C with shaking.  After incubation 3 µL of a fatty acid 

methyl ester standard solution was added via the autosampler then 1 µL of the prepared 

sample was injected to the gas chromatograph inlet in the split mode with the inlet 

temperature held at 250°C. A 5:1 split ratio was used for cell culture analysis and a 50:1 

split was used for urine analysis. The gas chromatograph had an initial temperature of 

95°C for one minute followed by a 40°C/min ramp to 110°C and a hold time of 2 minutes.  

This was followed by a second 5°C/min ramp to 250°C, a third ramp to 350°C, then a 

final hold time of 3 minutes. A 30 m Phenomex ZB5-5 MSi column with a 5 m long 

guard column was employed for chromatographic separation. Helium was used as the 

carrier gas at 1 mL/min. 

 

Analysis of GC-MS data (method provided by metabolomics core facility at the 

University of Utah): Data was collected using MassLynx 4.1 software (Waters).  For first 

pass data analysis the targeted approach for known metabolites was used. These were 

identified and their peak area was recorded using QuanLynx.  This data was transferred 

to an Excel spread sheet (Microsoft, Redmond WA) Metabolite identity was established 

using a combination of an in house metabolite library developed using pure purchased 

standards and the commercially available NIST library.   
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Cell proliferation 

To measure the effect of arsenite on cell proliferation, cells were trypsinized and counted 

with Scepter 2.0 automated cell counter (Millipore, Darmstadt, Germany). Cell 

population doubling time was determined with the following equation as previously 

described: D1 = ((total days of growth (D)) x Log2 / Log (# of cells Time D / # of cells 

Time 0)) x 24 (Bolt et al., 2010b). Mean doubling time and standard deviation for each 

samples was calculated from three replicates.  

 

Statistical analyses 

For data containing two comparison groups, unpaired t-tests were used to compare mean 

differences between control and treatment group at a significance threshold of P<0.05. 

For data containing three or more groups, univariate ANOVA, followed by Tukey’s post 

hoc tests, were used to compare mean differences of groups at a significance threshold of 

P<0.05.  GraphPad Prism version 6.0 for MAC (GraphPad, La Jolla, CA) was used for all 

statistical analyses. 

 

3.4 RESULTS 

Arsenite mediated HIF-1A accumulation is consistent with protein stabilization. 

HIF-1A protein levels were evaluated by immunoblot analysis, which revealed both time 

and dose dependent arsenite-induced accumulation of HIF-1A (Figure 3.6.1). 

Transactivation by HIF-1A requires translocation to the nucleus. BEAS-2B exposed to 

1μM arsenite (2 week) showed increased accumulation of HIF-1A both nuclear and 



112 
 

cytosolic fraction (Figure 3.6.2). Correspondingly, immunofluorescent staining of HIF-

1A confirmed accumulation in the nucleus in similarly exposed BEAS-2B compared to 

control (Figure 3.6.3). To test whether the accumulation of HIF-1A protein was due to 

transcriptional up-regulation, BEAS-2B exposed to 1 uM arsenite (0, 1, 2, 4 wk.) were 

subjected to QPCR (Figure 3.6.4). No induction of HIF1A at the transcriptional level 

was found. However, measurement of protein half-life revealed that arsenite exposure 

resulted in a 143% increase in HIF-1A protein half-life (Figure 3.6.5), suggesting that 

accumulation of HIF-1A is due to protein stabilization. 

 

HIF-1A stabilizaiton disrupts energy metabolism in BEAS-2B. 

To further confirm that HIF-1A is critical in inducing glycolysis in BEAS-2B, a 

degradation-resistant HIF-1A (HA-HIF-1A P402A/P564A) construct was transiently 

overexpressed in BEAS-2B (Figure 3.6.6A) (Yan et al., 2007). Lactate production in 

the HA-HIF-1A P402A/P564A expressing BEAS-2B was increased compared to vector 

transfected cells (Figure 3.6.6B), suggesting that HIF-1A accumulation in BEAS-2B is 

sufficient to induce aerobic glycolysis. Metabolomic studies in control and 2 week 

arsenite exposed BEAS-2B revealed metabolite changes in the glycolytic patyway and 

citric acid cycle. In the 2 week arsenite exposed BEAS-2B, lactic acid (lactate), pyruvic 

acid (pyruvate), glucose-6-phosphate 3-phosphoglycerate, isocitric acid was found to be 

significantly increased compared to congrol, but glucose and 2-ketoglutaric acid (α-

ketoglutarate) was found to be decreased compared to control, suggesting that arsenite 

exposure is disrupting energy metabolism (Figure 3.6.7). 
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HIF-1A-mediated glycolysis is associated with arsenite-induced transformation in 

BEAS-2B. 

Chronic exposure of BEAS-2B cells to 1μM arsenite was reported to malignantly 

transform BEAS-2B (Zhang et al., 2012b). In this study, BEAS-2B acquired anchorage 

independent growth at 6 weeks of arsenite exposure, and the ability to form colonies in 

soft agar increased in longer arsenite exposure conditions (Figure 3.6.8). Interestingly, 

aerobic glycolysis and accumulation of HIF-1A were observed at the earliest 

measurements (1 and 2 weeks) during the 52 weeks of arsenite exposure (Figure 3.6.9 

and 3.6.10).  This early response was also true for the loss of the epithelial identity 

marker, E-cadherin, which was substantially reduced at 2 weeks of arsenite exposure 

(Figure 3.6.9). The acquisition of aneuploidy, another marker of oncogenic 

transformation indicating substantial genome disruption associated with malignancy, 

did not rise substantially until later, between 8 and 23 weeks of arsenite exposure 

(Figure 3.6.11). From the initiation of arsenite exposure until the onset of soft agar 

growth, no change in proliferative rate of BEAS-2B was observed. 

 

HIF-1A knockdown suppresses arsenite-induced glycolysis and malignant 

transformation. 

In order to understand the role of arsenite-induced glycolysis and HIF-1A stabilization 

in arsenite mediated malignant transformation, variants of the BEAS-2B cell line stably 

expressing empty lentiviral vector or shRNA against HIF-1A (shHIF1A) were 
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constructed. Both HIF-1A protein and mRNA levels were knocked down by shHIF1A 

in BEAS-2B (Figure 3.6.12). Lactate assay of 4 and 8 week samples showed significant 

induction of glycolysis due to 1μM arsenite exposure in vector controls but not 

shHIF1A BEAS-2B (Figure 3.6.13). This strongly suggests that HIF-1A is essential in 

arsenite induced glycolysis. At 4 and 8 weeks of arsenite exposure, blocking glycolysis 

and HIF1A activity also suppressed the acquisition of anchorage independent growth 

(Figure 3.6.14). Immunoblot analysis of wild type BEAS-2B control vs. shRNA empty 

vector control under 4 weeks of 1μM arsenite exposure showed vector under arsenite 

exposure had higher HIF-1A levels compared to wild type BEAS-2B treated with 

arsenite (Figure 3.6.15). This could possibly explain the reason that 4 week arsenite 

exposure in vector control had a significant increase in anchorage independent growth, 

whereas wild type BEAS-2B cells do not observe anchorage independent growth at 4 

week. It appeared that loss of epithelial identity (loss of E-cadherin expression) was not 

reversed by blocking HIF1A accumulation, suggesting that this process may depend on 

other pathways (Figure 3.6.16). 

 

3.5 DISCUSSION 

BEAS-2B cells chronically exposed to 1μM (75ppb) arsenite are malignantly 

transformed. Closely associated with this malignant transformation is a cellular response 

that suggests a hypoxia-mimetic effect which is elicited by arsenite.  This 

“pseudohypoxic” effect includes the accumulation of HIF-1A due to protein stabilization, 

the transcriptional activation of HIF-1A target genes, and the induction of aerobic 
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glycolysis (Zhao et al., 2013). This effect of arsenite in BEAS-2B appears to be 

necessary for the complete transforming activity of arsenite, because the loss of HIF-1A 

by RNAi knockdown attenuates arsenite induced glycolysis and attenuates the 

malignant transformation process. 

 

The level of glycolysis observed during non-degradable HIF-1A overexpression did not 

reach the maximum induction levels compared to the 1 to 52 week arsenite exposed 

samples. This might be due to the allosteric regulation of glycolysis by arsenic; it is 

well established that trivalent arsenicals inactivates OXPHOS enzyme complexes and 

drive pyruvate toward glycolytic pathways (Aposhian, 1989; Porporato et al., 2011).  

 

Unlike HIF-1A activation by chronic hypoxia, where HIF-1A accumulation is transient, 

the arsenite-induced accumulation of HIF-1A is sustained throughout the course of 52 

weeks of exposure (Ginouves et al., 2008; He et al., 2011). A recent report suggests 

that HIF-1A stabilization by arsenite (5 µM) is caused by PHD inhibition resulting from 

increased levels of ROS (Li et al., 2014). In our study, no evidence was found for ROS 

production, but we found an increase in pyruvate and decrease in α-ketoglutarate levels 

which may contribute to the PHD inhibition with 2 weeks of 1μM arsenite exposure. 

We found that HIF-1A mRNA levels were not altered during arsenite exposure, 

consistent with existing published reports (Li et al., 2014). Our data suggests that 

protein stabilization is key to the regulation of HIF-1A protein level in arsenite-exposed 

BEAS-2B. Whether that stabilization is through translational or post-translational 
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processes remains to be investigated. 

 

Extended arsenite exposure malignantly transforms BEAS-2B. This process is 

associated with an increase in anchorage independent growth, accumulation of HIF-1A, 

induced glycolysis, loss of epithelial identity, and ultimately an increase in aneuploid 

cell population. Previous studies have shown that chronic inorganic arsenite exposure 

can malignantly transform BEAS-2B and HBE (another human bronchial epithelial cell 

line) cells (Carpenter et al., 2011; Stueckle et al., 2012b; Zhang et al., 2012b; Xu et al., 

2013b). Arsenic transformed BEAS-2B can form xenografts in immunodeficient mice 

(Stueckle et al., 2012b; Zhang et al., 2012b). Consistent with previously published 

studies, we also observed anchorage-independent growth with extended arsenite 

eposure (Carpenter et al., 2011; Stueckle et al., 2012b; Zhang et al., 2012b; Xu et al., 

2013b). Interestingly, in the microarray study performed by Stueckle, comparing 

chronic arsenic trioxide exposed BEAS-2B vs. control, energy metabolism pathways 

were disrupted. These pathways included carbohydrate metabolism, which is consistent 

with our findings (Stueckle et al., 2012b). However, BEAS-2B, in 1 µM arsenite did 

not result in increased ROS production akin to that reported by Carpenter and Zhang 

(Carpenter et al., 2011; Zhang et al., 2012b).  Also, we did not see the increase in 

proliferation rate after arsenic-mediated BEAS-2B transformation that was reported by 

Stuckle and Carpenter (Carpenter et al., 2011; Stueckle et al., 2012b). One reason for 

this discrepancy may be different cell culture conditions. In our study, we used serum 

free BEGM media to culture BEAS-2B, whereas, Carpenter, Stueckle, and Zhang used 
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DMEM plus 5% or 10% FBS for culturing BEAS-2B. In Chapter 4, I will detail 

phenotypic differences of BEAS-2B cultured in serum-containing or serum-free BEGM 

media. 

 

Arsenite exposed BEAS-2B lost their epithelial identity, measured by E-cadherin, 

which is considered to be a marker of epithelial to mesenchymal transition (EMT) 

(Chaw et al., 2012).  We did not to detect increased expression of mesenchymal 

proteins (vimentin, alpha smooth muscle actin) concomitant with E-cadherin loss, 

which suggested canonical EMT was not occurring. It has been reported that the loss of 

E-cadherin can occur during squamous metaplasia, which is the change of airway 

epithelia to a squamous morphology, a pre-cancerous lesion (Jankowski et al., 1994; 

Dillon, 2008).  

 

Some in vitro models of arsenic-induced malignant transformation describe the 

acquisition of an increased proliferative rate (Eblin et al., 2009). This can complicate 

the interpretation of increased soft agar growth. Increased proliferation was not 

observed during the course of the 52 week transformation study in BEAS-2B. The first 

significant increase in anchorage-independent growth occurred at 6 weeks of arsenite 

exposure. In contrast to this, the HIF-1A mediated glycolytic surge occurred as early as 

1 week. 

 

The importance of HIF-1A mediated glycolysis before and during transformation may 
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be that aerobic glycolysis promotes cell survival. A current study by Ganapthy S. et al. 

showed that low dose arsenite induces HIF-1A in normal mouse tissue, and was 

protective against radiation injury (Pavlides et al., 2009). However, the role of HIF-1A 

induced glycolysis may be far more complex than cell protection. Following malignant 

transformation and tumor formation, cells inside the tumor will have less access to 

oxygen and nutrients. Accumulation of HIF-1A prior to tumor formation could provide 

the transforming cells with a favorable acidic microenvironment, as well as priming the 

cells for true hypoxic conditions during tumor growth. Induction of aerobic glycolysis 

in stroma cells surrounding the tumor may also contribute to malignancy. Aerobic 

glycolysis in this cell population may stimulate the Reverse Warburg effect, which the 

induction of glycolysis in neighboring stromal cells may result in increased 

extracellular lactate production that is taken up and consumed by malignant cells, 

eventually creating a niche that favors tumor progression (Pavlides et al., 2009). 

 

When HIF-1A was knocked down with shRNA, glycolysis induction with arsenite was 

attenuated in the shHIF1A group compared to vector control in the 8 week samples. 

Measuring anchorage independent growth in the vector and shHIF1A stable cell lines 

under arsenite exposure, the 8 week soft agar assay showed an increase in the arsenite 

exposed shHIF1A group. However, the increase in colony formation per well was 

significantly lower compared to the vector arsenite group. A logical explanation would 

be that HIF-1A induced glycolysis in necessary but not critical to the malignant 

transformation process. Also, after stable shHIF1A BEAS-2B was generated, we chose 
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to not use puromycin selection during the arsenic transformation study to minimize 

potential artifacts of puromycin. Without puromycin, there could be leaky HIF-1A 

mRNA knockdown over a long period of culturing. Other HIF family members such as 

HIF-2A, are reported to be induced in lung cancer, and it has been reported that HIF-2A 

can also be induced by arsenite exposure (Xu et al., 2013a). Although HIF-2A is not 

involved in glycolytic gene expression, knocking down HIF-1A may be compensated 

by the presence of HIF-2A, as both share a number of the same downstream gene 

targets (Hu et al., 2003). To further investigate the role of HIF family genes in arsenite 

mediated transformation, a double HIF-1A and HIF-2A knockdown model could be 

useful.  

 

This work is an important functional extension of Chapter 2, which documented the 

induced Warburg effect by arsenite exposure in cultured human cells. Lung cancer is 

one of the many cancer types caused by chronic environmental arsenite exposure, and 

cancer is just one of the many diseases that are caused by arsenite exposure. Glycolysis 

is the first step of energy metabolism in all living cells, including both eukaryotic cells 

and prokaryotic cells. Understanding the role of the HIF-1A mediated induction of 

aerobic glycolysis during arsenite-mediated transformation provides a possible 

explanation for arsenic-induced lung malignancy. 

 

Conclusions: 

1. Arsenite accumulation is HIF-1A is consistent with protein stabilization. 
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2. Over expression of HIF-1A in BEAS-2B induces glycolysis. 

3. Chronic arsenite exposure in BEAS-2B induces malignant transformation. 

4. Arsenite-induced malignant transformation is associated with the 

accumulation of HIF-1A and squamous metaplasia. 

5. HIF-1A knockdown in BEAS-2B suppresses arsenite-induced malignant 

transformation.  
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3.6 FIGURES 

Figure 3.6.1 Arsenite accumulates HIF-1A in a dose and time dependent fashion. 

A 

 

B 

 

 

A) Immunoblot analysis of HIF-1A treated with 0-8μM arsenite for 48 hours. B) 

Immunoblot analysis of HIF-1A treated with 1μM arsenite for 0-48 hours. 
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Figure 3.6.2 Nuclear and cytosol fraction of HIF-1A under arsenite exposure. 

 

 

 

Overexposed image to show all bands 

 

Nuclear and cytosolic fractions of BEAS-2B treated with or without 1 μM arsenite for 2 

weeks; blotting for HIF1A, Lamin A is a nuclear marker and tubulin a is cytosolic 

marker. 
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Figure 3.6.3 Immunofluorescence staining of HIF-1A in BEAS-2B. 

 

 

Immunofluorescence staining of HIF-1A in BEAS-2B treated w/wo 1μM arsenite for 2 

weeks. Red arrows show HIF-1A nuclear accumulation. 
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Figure 3.6.4 HIF-1A mRNA levels under arsenite exposure. 

 

 

QPCR of HIF1A in BEAS-2B treated with 1 μM arsenite for 0-4 weeks, error bars 

represent S.D. 
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Figure 3.6.5 Half-life measurement of HIF-1A in BEAS-2B. 

A 

 

B 

 

A) Half-life measurement of HIF1A in BEAS-2B treated with or without 1 μM arsenite 

for 2 weeks; protein synthesis blocked with cycloheximide (CHX) for 0-10min, 

followed by HIF1A immunoblot. B) Quantification of half-life (t1/2) from 6G, 

densitometry of HIF1A normalized to Tubulin was used for calculation (+/− S.D., from 3 

independent replicates) *p<0.05 unpaired t-test of 10 minute arsenite compared to 10 

minute control. 
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Figure 3.6.6 Glycolysis induction by HIF-1A overexpression in BEAS-2B. 

A 

 

B 

 

 

A) Immunoblot analysis of HIF-1A transient overexpression in BEAS-2B. B) Percentage 

increase of lactate levels in HIF-1A overexpressing BEAS-2B compared to vector 

(0.729±0.054 μmol/106cells/hr) (+/− S.D., from 3 independent replicates). * p<0.05 

unpaired t-test. 

 



127 
 

Figure 3.6.7 Metabolite analysis of control vs. 2 week arsenite exposure in BEAS-2B. 

 

Intracellular metabolite concentration of 2 week 1 µM arsenite exposed BEAS-2B 

normalized to control BEAS-2B.  The metabolites of 2 week arsenite group are shown in 

percentage of control. Gray dotted line represents 100%.  (+/− S.D., from 4 independent 

replicates).  For metabolite shown in this figure, p<0.05 from unpaired t-test (arsenite vs. 

control). 

 

 

 

 

 



128 
 

Figure 3.6.8 Chronic arsenite exposure induces anchorage-independent growth.  

A 

 

B 

 

A) Representative images of soft agar from indicated weeks. B) Colony count of soft agar 

assay from indicated weeks (+/− S.D., from 3 independent replicates). 
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Figure 3.6.9 Chronic arsenite exposure induces pseudohypoxia and loss of epithelial 

marker E-cadherin. 

 

 

Immunoblot analysis of HIF-1A and E-cadherin (E-Cad) in cells treated with 1μM 

arsenite for 0-52 weeks. 
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Figure 3.6.10 Lactate status from 0 to 52 weeks of arsenite exposure. 

 

 

Percentage increase of lactate levels in BEAS-2B treated with 1μM arsenite for 0-52 

weeks as compared to control (0.733±0.017μmol/106cells/hr). (+/− S.D., from 3 

independent replicates). *p<0.05 ANOVA followed by Dunnett’s multiple comparisons 

test. 
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Figure 3.6.11 Ploidy measurement during 0 to 52 weeks of arsenite exposure. 

 

 

 

Delta increase in aneuploidy cell percentage in BEAS-2B treated with 1μM arsenite for 

0-52 weeks subtracted by control (17.12±0.39% of 50,000 events measured). (+/− S.D., 

from 3 independent replicates). *p<0.05 ANOVA followed by Dunnett’s multiple 

comparisons test. 
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Figure 3.6.12 Generation of HIF-1A knockdown with shRNA. 

A 

 

B 

 

A) Immunoblot analysis of HIF-1A knockdown in BEAS-2B, short exposure showed for 

MG132 treated lanes, long exposure showed for without MG132 treated lanes. B) QPCR 

of HIF-1A to confirm knockdown at mRNA level (+/− S.D., from 5 replicates), * p<0.05 

unpaired t-test. 
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Figure 3.6.13 Lactate status from 4 and 8 weeks of arsenite exposure. 

A      B 

  

A) Percentage increase of lactate levels in BEAS-2B from 4 week exposure groups 

compared to vector control (0.716±0.03 μmol/106cells/hr). B) Percentage increase of 

lactate levels in BEAS-2B from 8week exposure groups compared to vector control 

(0.696±0.04 μmol/106cells/hr).  (+/− S.D., from 3 independent replicates). *p<0.05 

ANOVA followed by Tukey’s multiple comparisons test.  
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Figure 3.6.14 Anchorage-independent growth status from 4 and 8 weeks of arsenite 

exposure. 

A       B 

  

A) Colony count of soft agar assay from 4week exposure groups (+/− S.D., from 3 

independent replicates). Colony count of soft agar assay from 8week exposure groups 

(+/− S.D., from 3 independent replicates). *p<0.05 ANOVA followed by Tukey’s 

multiple comparisons test. 
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Figure 3.6.15 Western blot of HIF-1A from control vs. vector under arsenite 

exposure. 

 

Immunoblot analysis of HIF-1A in BEAS-2B wild type control and vector control treated 

with or without 1 μM arsenite for 4 weeks. Short and long indicate exposure time. 
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Figure 3.6.16 Western blot of E-Cad from Vector vs. shHIF1A under arsenite 

exposure. 

 

Immunoblot analysis of HIF-1A in BEAS-2B Vector control vs. shHIF1A treated with or 

without 1 μM arsenite for 4 weeks.  
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CHAPTER 4 

CULTURE CONDITIONS DRAMATICALLY ALTER BEAS-2B PHENOTYPE 

 

4.1 ABSTRACT 

BEAS-2B, an immortalized lung epithelial cell line, has been used to model pulmonary 

epithelial function since the 1980s.  We have identified substantial phenotypic changes in 

BEAS-2B that are dependent on alternative culture conditions that are commonly used.  

Culturing BEAS-2B in the presence of fetal bovine serum (FBS) resulted in a substantial 

morphological change, as well as a transcriptional reprogramming, compared to control 

cells grown in serum-free, defined media.  Analysis of transcriptomic data identified 

several disregulated pathways, including those related to carcinogenesis and energy 

metabolism.  In fact, real-time measurements of oxygen consumption and glycolysis in 

FBS-cultured BEAS-2B identified a 1.36-fold increase in total glycolytic capacity, 1.85-

fold increase in basal respiration, 2.02-fold increase in ATP production, and 2.81-fold 

increase in maximal respiration, compared to BEAS-2B cultured without FBS.  

Comparisons of the transcriptional disregulation resulting from FBS culture conditions to 

the transcriptome changes induced by exposure to 1 uM sodium arsenite (+/- arsenite, no 

FBS) revealed that 75% of the arsenite-disregulated genes were also disregulated by FBS 

(+/- FBS, no arsenite).  There is substantial disregulation induced by FBS that includes 

oncogenic pathways. Substantial transcriptomic disregulation is shared between FBS and 

arsenite exposure.  This suggests that culture conditions should be carefully considered 
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when using BEAS-2B as an experimental model, particularly in modeling arsenic-

induced carcinogenesis. 

 

4.2 INTRODUCTION 

BEAS-2B, an SV40 large T-antigen immortalized lung epithelial cell line, has been used 

extensively as an in vitro model of pulmonary epithelium in may experimental contexts 

including toxicology testing, respiratory injury, wound healing, and neoplastic 

transformation. This is reflected in almost 1,200 BEAS-2B citations currently in NCBI 

PubMed (Amstad et al., 1988; Reddel et al., 1995; Veranth et al., 2004; Wang et al., 

2012c; Garcia-Canton et al., 2013).  The cell line was isolated from normal human 

bronchial epithelium of a cancer-free individual (Lechner and LaVeck, 1985; Amstad et 

al., 1988). Because it is non-malignant, extensive use has been made of BEAS-2B as an 

experimental model of malignant transformation.  BEAS-2B can be malignantly 

transformed in vitro by overexpression of HRAS, CYP2A13, and SPR1, as well as 

exposure to chromium, arsenite, cadmium, cigarette smoke, and uranium  (Lau et al., 

2000; Yang et al., 2002; Zhang et al., 2012a; He et al., 2013; Zhang et al., 2014). Reports 

describing the use of BEAS-2B do not use uniform culture conditions, and defined, 

serum-free media as well as FBS-supplemented media have been described.  Two 

commonly used culture conditions are (serum free) bronchial epithelial cell growth 

medium (BEGM) and DMEM with 10% FBS (Ding et al., 2009; Sun et al., 2011a; Wang 

et al., 2011; Martin et al., 2012; Wang et al., 2012c; Zhang et al., 2012b; Nymark et al., 

2013). 



139 
 

 

The use of different culture conditions reported in the literature is of interest, because it 

has been documented that BEAS-2B undergo squamous differentiation in response to 

FBS, as well as in response to increased extracellular calcium concentration (Ke et al., 

1988; Miyashita et al., 1989). Two spontaneously occurring subclones of BEAS-2B have 

been described relative to growth in serum, one sensitive (S6) and one resistant to growth 

inhibition by serum  (R1) (Ke et al., 1988). It was determined that the R1 sub-clone was 

squamous differentiation resistant, and S6 was prone to squamous differentiation 

sensitive (Ke et al., 1988).  

 

The commonly reported use of variable culture conditions, together with the documented 

ability of growth conditions to modulate BEAS-2B phenotype, led us to examine the 

effect of culturing BEAS-2B in the presence or absence of FBS on the resultant 

phenotype of BEAS-2B. 

 

4.3 MATERIALS AND METHODS 

Cell culture 

BEAS-2B, human bronchial epithelial cell line (ATCC, Manassas, VA), was cultured 

with the BEGM media (Lonza, Walkersville, MD), with or without 5% fetal bovine 

serum (FBS) or 1µM sodium arsenite (Sigma, St. Louis, MO) for 8 weeks. Two million 

cells were seeded to 75 cm2 culture flasks and subcultured when 90% confluence was 
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reached. Trypsin-EDTA (0.25%) was used to remove cells from culture flasks for sub-

culturing. All cells were incubated under 5% CO2 at 37oC during culture.  

 

Antibodies and immunoblot analysis 

Primary antibodies were used at the following dilutions: E-cadherin (E-Cad) 1:250 and α-

tubulin 1:1000 (Santa Cruz Biotechnology, Santa Cruz,CA); secondary antibody goat 

anti-rabbit IgG-HRP and goat anti-mouse IgG-HRP (Santa Cruz Biotechnology) were 

always used at 1:5000 dilution. Cells were washed twice with PBS, and lysed in sample 

buffer [10% glycerol, 100 mM DTT, 50 mM Tris-HCl (pH 6.8), 2% SDS]. Samples were 

then denatured in 90oC dry bath for 5 min. After sonication, protein concentration was 

measured by Pierce 660 nm Protein Assay (Thermo Scientific, Rockford, IL). Equal 

concentrations of each sample (final concentration 0.1% v/w bromopheno blue) were 

subjected to SDS-polyacrylamide gel electrophoresis and immunoblot analysis. 

Immunoblots were visualized by addition of chemiluminescent substrate (Thermo 

Scientific, Rockford, IL) and quantified using a GeneGenome5 imaging system 

(Syngene, Frederick, MD). 

 

Extracelluar flux analysis 

Glycolysis (glycol-) stress test and mitochondrial (mito-) stress test was performed using 

the Seahorse XFe96 extracellular flux analyzer (Seahorse Bioscience, North Billerica, 

MA). Briefly, 30,000 cells per well were seeded in to XF96-well plates 24 hour before 

analysis. Unbuffered glycolysis glycolysis stress test media was made according to 
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manufacture protocol and supplied with 2mM L-glutamine. Injection conditions were 

used (final concentration), port-A glucose 6mM, port-B oligomycin 1µM, port-C 2-DG 

100mM for the glycol-stress test. For the mito-stress test, XF media was supplied with 

6mM glucose, 5mM sodium pyruvate. Mito-stress test injection conditions (final 

concentration), port-A oligomycin 1µM, port-B FCCP (carbonyl cyanide p-

(trifluoromethoxy) phenylhydrazone) 0.25µM, port-C Antimycin A 1µM. 

 

Cell viability assay and IC50 determination 

Cell viability was measured using the CellTiter 96 Aqueous One Solution Cell 

Proliferation Assay (MTS, Promega, Madison, WI) according to manufacture protocols. 

Briefly, control and 8 week FBS exposed group were seeded at a cell density of 5,000 

cell per well in a 96-well tissue culture plate. After 72 hours of arsenite exposure, 20µL / 

well of MTS reagent was added, and plate was incubated for 2 hours under 5% CO2 at 

37oC. Absorbance was recorded at 490 nm, and data was plotted by GraphPad Prism 

version 6.0 for MAC (GraphPad, La Jolla, CA). Raw absorbance data was transformed to 

percentage survival by setting the 0 µM arsenite as 100% in the control and 8 week FBS exposed 

group. Each data set was analyzed separately by GraphPad’s non-linear regression dose-response 

module for IC50. 

 

Microarray gene expression analysis 

Total RNA from control, 8 week FBS-cultured cells, and 8 week As exposed BEAS-2B 

Cells by RNeasy Mini Kit (Qiagen). RNA quality was checked using Nanodrop 2000. A 

total number of 4 replicates per group were submitted to the University of Arizona 
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Genomics Shared Service/Genomics Facility Core for microarray processing. Affymetrix 

GeneChip Human Gene 2.0 ST Array was used for this study, which simultaneously 

measures expression of 40,716 RefSeq transcripts across the genome. Affymetrix CEL 

files were imported into GeneSpring GX 12.5 (Agilent Technologies, Santa Clara, CA) 

analysis software. Data were normalized using robust multichip analysis 

(RMA).Statistically significant expression differences were based on the moderated T-

test, performed separately between control and arsenite-exposed cells, and between 

control and FBS-exposed cells. Type I error control was based on the Benjamini-

Hochberg False Discover Rate (FDR).  Differential expression in this study was defined 

as those genes with expression differences between the comparison groups that were 

greater than 1.5 fold different and at an FDR-adjusted P value of less than 0.01. 

 

Statistical analyses 

For data containing two comparison groups, unpaired t-tests were used to compare mean 

differences between control and treatment group at a significance threshold of P<0.05. 

GraphPad Prism version 6.0 for MAC (GraphPad, La Jolla, CA) was used for all 

statistical analyses.   

 

4.4 RESULTS 

FBS-cultured BEAS-2B sustain altered morphology and altered epithelial identity. 

BEAS-2B cells cultured in serum-free BEGM media with or without FBS exhibited 

change in cell morphology (Figure 4.6.1). BEAS-2B cells cultured in serum-free media 
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have been reported to have a predominantly cuboidal, polygonal appearance typical of 

respiratory epithelial cells (Lechner and LaVeck, 1985; Ke et al., 1988). BEAS-2B cells 

cultured with 5% FBS do not have a defined cell boarder, and appear flattended. The 

altered morphology induced by FBS exposure was accompanied by changes in markers 

of epithelial identity. Immunoblot analysis of BEAS-2B cells established that culture in 

FBS resulted in a loss of E-cadherin protein (Figure 4.6.2). Microarray analysis also 

showed down-regulation of E-cadherin mRNA expression (Figure 4.6.3). 

 

FBS exposure alters the BEAS-2B transcriptome, including a subset of genes in 

common with those modulated by arsenite exposure. 

FBS exposure (5%, 8 wk.) in BEAS-2B resulted in disregulation of 3,662 genes 

compared to control cells (no FBS, no arsenite).  Pathway analysis using the Genespring 

GX 12.0 WikiPathways-Analysis module identified a total of 74 pathways that were 

significantly altered (Table 4.7.1) (Kelder et al., 2009). Among the altered pathways were 

energy metabolism associated cholesterol biosynthesis, oxidative phosphorylation, 

pentose phosphate pathway, and glycolysis/gluconeogenesis (Table 4.7.1). Several 

disregulated pathways are cancer associated, RB in cancer, integrated breast cancer 

pathway, integrated pancreatic cancer pathway, gastric cancer network 1 and 2, the Wnt 

signaling pathway, and the integrated cancer pathway (Table 4.7.1).  The mRNA 

expression of 1574 genes was altered in arsenite exposed (1 uM, 8 wk.) BEAS-2B 

compared to control cells (no FBS, no arsenite). Of the 1574 genes with mRNA 

expression modulated by arsenic, 674 were also modulated by FBS (Figure 4.6.4 and 
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4.6.5).  About three-fourths of those shared genes (510) were modulated in the same 

direction by the two exposures (arsenite and FBS) (Figure 4.6.5). 

 

FBS-cultured BEAS-2B exhibit an increase in energy profile compared to serum-

free cultured BEAS-2B. 

We functionally validated microarray data suggesting altered energy metabolism using 

real-time analysis of oxygen consumption and extracellular acidification (Wu et al., 

2007).  In the glycolysis stress test, BEAS-2B cultured with FBS for 8 weeks showed no 

change in glycolysis (ΔECAR, ECAR just before Oligomycin injection subtracted by 

ECAR just before glucose injection), but a 1.36-fold increase in total glycolytic capacity 

(ΔECAR, ECAR after Oligomycin injection subtracted by ECAR before glucose 

injection) (Figure 4.6.6A and 4.6.6B). In the mitochondrial stress test, BEAS-2B cells 

culture with FBS for 8 weeks showed a significant  (1.85-fold) increase in basal 

respiration (ΔOCR, OCR before Oligomycin injection subtracted by OCR after 

Antimycin A injection), a 2.02-fold increase in ATP production (ΔOCR, OCR before 

Oligomycin injection subtracted by OCR before FCCP injection) due to respiration, and a 

2.81-fold increase in maximal respiration (ΔOCR, OCR after FCCP injection subtracted 

by OCR after Antimycin A injection)(Figure 4.6.6C and 4.6.6D).  

 

FBS-cultured BEAS-2B is more sensitive to arsenic cytotoxicity. 

A substantial difference in cell viability was observed in the a 72hr arsenite dose response 

between the control and 8 week FBS BEAS-2B. Toxicity was observed in the 8 week 
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FBS group to as little as 4 µM arsenite, whereas no significant difference in viability was 

observed in the control BEAS-2B up to 16 µM of arsenite treatment (Figure 4.6.7). The 

calculated arsenite IC50 for the 8 week arsenite exposed BEAS-2B was 6.1 µM, 

compared to 27.6 µM for the 8 week FBS exposed BEAS-2B, which suggests that FBS-

cultured BEAS-2B is more susceptible to arsenic cytotoxicity. 

 

4.5 DISCUSSION 

FBS-cultured BEAS-2B has altered gene expression, energy metabolism, and arsenite 

sensitivity. It has been documented that BEAS-2B undergoes squamous differentiation in 

response to FBS (Ke et al., 1988; Miyashita et al., 1989).  The Harris group isolated two 

subclones from BEAS-2B, serum-sensitive BEAS-2B S6 and serum-resistant BEAS-2B 

R1 (Ke et al., 1988). It was determined that the R1 was squamous differentiation resistant, 

and S6 was squamous differentiation sensitive (Ke et al., 1988). A current study 

conducted by Stewart et al. found less E-cadherin expression in the R1 serum resistant 

subclone when compared to the unselected BEAS-2B (Stewart et al., 2012). E-cadherin is 

an epithelial marker which plays an important role in cell adhesion and adherens junction. 

Microarray data from this study showed a decrease in E-cadherin expression in the FBS-

cultured BEAS-2B compared to serum-free cultured BEAS-2B. The fact that R1 subclone 

is resistant to serum induced squamous differentiation may indicate that it is a squamous 

population of BEAS-2B. In serum free media, BEAS-2B have normal epithelial cell 

morphology that was described by Lechner (Lechner and LaVeck, 1985). In this study, a 

change in cell morphology was observed in the FBS-cultured BEAS-2B. Interestingly, 
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when microarray gene expression was compared between the 8week arsenite exposed 

BEAS-2B and 8week FBS-cultured BEAS-2B, there was 674 genes that were altered in 

both groups, and 510 genes were altered toward the same direction. Microarray analysis 

showed that epithelial marker E- cadherin was down-regulated by 45.08 folds in the FBS-

cultured BEAS-2B, providing evidence that BEAS-2B can undergo squamous metaplasia 

consistent with data published by the Harris group (Ke et al., 1988). 

 

Associated with FBS induced differential gene expression, an alteration in energy 

metabolism was observed. Pathways altered in the microarray pathway analysis with a 

p<0.001 cutoff included energy metabolism pathways oxidative phosphorylation, 

glycolysis and gluconeogenesis, cholesterol biosynthesis, pentose phosphate pathway, 

and adipogenesis. The microarray observation was further evaluated by extracellular flux 

analysis focusing on glycolytic and mitochondrial function. FBS-cultured BEAS-2B had 

increased glycolytic capacity, basal respiration, ATP production, and maximal respiration 

at a statistical significant level.  

 

An intriguing correlate of the FBS-induced phenotypic disruption is the pronounced 

increase in sensitivity of FBS-exposed BEAS-2B to arsenite cytotoxicity.  At an arsenite 

concentration of 8 µM viability of BEAS-2B cells is reduced from about 90% to 20% in 

FBS-exposed cells. Ongoing work is pursuing the genetic determinants of this effect. 
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More work will be needed to define the underlying cellular pathways that drive the 

profound phenotype induced in BEAS-2B by FBS exposure.  Despite the lack of 

mechanistic definition, the fact that FBS-cultured BEAS-2B has been to model arsenite-

induced malignant transformation points to a need to exercise caution in the interpretation 

of those studies because of the potential of cellular changes induced by FBS to act as 

confounders of similar changes induced by arsenite. 

 

Conclusions 

1. FBS-cultured BEAS-2B show changes in cell morphology and undergoes 

squamous differentiation. 

2. FBS-cultured BEAS-2B exhibit altered gene expression compared to serum-

free cultured BEAS-2B. 

3. FBS-cultured BEAS-2B exhibit increased glycolytic capacity, ATP 

production due to respiration, and respiration capacity compared to serum-

free cultured BEAS-2B. 

4. FBS-cultured BEAS-2B are more susceptible to arsenite exposure compared 

serum-free cultured BEAS-2B. 
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4.6 FIGURES 

Figure 4.6.1 Morphological change of BEAS-2B control vs. 8 week FBS. 

 

Image taken under inverted microscope at 100x magnification. BEAS-2B control (serum 

free media cultured) cells and 8 week FBS-cultured. 
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Figure 4.6.2 Immunoblot of E-cadherin. 

 

 

Immunoblot of E-cadherin and α-Tubulin in BEAS-2B control (-FBS) and 8 week +FBS 
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Figure 4.6.3 Gene expression of E-cadherin. 

 

E-cadherin gene expression from microarray analysis, y-axis on log2 scale. FDR adjusted 

* p=1.94x10-7. 
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Figure 4.6.4 Volcano plot of gene expression of BEAS-2B 8 week +As vs. –As (–FBS) 

and 8 week +FBS vs. –FBS (–As). 

 

Green represents down-regulation, and red represents up-regulation. Y-axis is 

significance (-log10 p-value) level, and X-axis is fold change. Red frame represents FDR 

p-value<0.001 of 8 week +As vs. –As (–FBS) and 8 week +FBS vs. –FBS (–As). Serum 

free controls are labeled as –As and –FBS (or –FBS and –As) 
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Figure 4.6.5 Venn diagram of gene expression of BEAS-2B 8 week +As vs. –As (–

FBS) and 8 week +FBS vs. –FBS (–As). 

 

Green represents genes that are only altered in the 8 week +As vs. –As (–FBS) group. 

Red represents genes that are only altered in the 8 week +FBS vs. –FBS (–As) group. 

Yellow with vertical lines represent overlapping genes changed in the same direction, and 

horizontal lines represent overlapping genes changed in different directions. 
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Figure 4.6.6 Energy metabolism profiling in BEAS-2B cultured with or without 8 

week FBS exposure. 

A      B 

 

C      D 

 

A) Glycolysis stress test, arrows indicate injection of chemicals in the stress test. B) 

Calculated glycolysis and glycolytic capacity level.  C) Mitochondrial stress test, arrows 

indicate injection of chemicals in the stress test. D) Calculated basal respiration, ATP 

production, and max respiration. Control (serum free media cultured) vs. 8 week FBS-

cultured BEAS-2B (+/− S.D., from 23 replicates), * p<0.05 unpaired t-test. 
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Figure 4.6.7 Cytotoxicity dose-response (arsenite) of BEAS-2B cultured under 

different conditions. 

 

 

Cell viability assay of control and 8 week FBS-cultured BEAS-2B exposed to 0-32uM of 

sodium arsenite for 72 hours. * p<0.01 ANOVA followed by Dunnett’s multiple 

comparisons test, As exposure compared to 0 µM As in FBS-cultured BEAS-2B (+/− 

S.D., from 23 replicates). # p<0.01 ANOVA followed by Dunnett’s multiple comparisons 

test, As exposure compared to 0 µM As in control (serum free media cultured) BEAS-2B 

(+/− S.D., from 23 replicates). 
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4.7 TABLES 

Table 4.7.1 Microarray Pathway analysis in 8 week FBS-cultured vs. control BEAS-

2B. The database used was WikiPathways, p-value cutoff set at 0.001, a total number of 

74 pathways were found to be significantly altered. Table sorted by p-value significance 

Pathway p-value(Ct 

vs FBS) 

Hs_RB_in_Cancer_WP2446_72248 6.22E-15 

Hs_TNF_alpha_Signaling_Pathway_WP231_72093 2.77E-10 

Hs_Integrated_Breast_Cancer_Pathway_WP1984_72732 3.13E-10 

Hs_EGF-EGFR_Signaling_Pathway_WP437_72106 3.37E-10 

Hs_Cell_Cycle_WP179_70629 3.55E-10 

Hs_Androgen_receptor_signaling_pathway_WP138_72130 3.64E-10 

Hs_Proteasome_Degradation_WP183_71712 3.69E-10 

Hs_MAPK_Signaling_Pathway_WP382_72103 4.05E-10 

Hs_Insulin_Signaling_WP481_72080 8.09E-10 

Hs_Focal_Adhesion_WP306_71714 1.03E-09 

Hs_Primary_Focal_Segmental_Glomerulosclerosis_FSGS_WP2572_72200 3.05E-09 

Hs_Oncostatin_M_Signaling_Pathway_WP2374_72050 3.19E-09 

Hs_Pathogenic_Escherichia_coli_infection_WP2272_71367 3.29E-09 

Hs_Apoptosis_Modulation_and_Signaling_WP1772_63162 5.53E-09 

Hs_Arrhythmogenic_Right_Ventricular_Cardiomyopathy_WP2118_71265 6.83E-09 
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Pathway p-value(Ct 

vs FBS) 

Hs_G1_to_S_cell_cycle_control_WP45_71377 8.08E-09 

Hs_Alpha_6_Beta_4_signaling_pathway_WP244_72056 1.27E-08 

Hs_Cholesterol_Biosynthesis_WP197_69902 1.44E-08 

Hs_Adipogenesis_WP236_72082 2.81E-08 

Hs_IL-1_signaling_pathway_WP195_67363 2.85E-08 

Hs_FAS_pathway_and_Stress_induction_of_HSP_regulation_WP314_71366 4.15E-08 

Hs_TWEAK_Signaling_Pathway_WP2036_72733 4.62E-08 

Hs_Selenium_Micronutrient_Network_WP15_73505 6.86E-08 

Hs_Parkin-Ubiquitin_Proteasomal_System_pathway_WP2359_72121 8.08E-08 

Hs_Apoptosis_WP254_72110 9.92E-08 

Hs_Integrin-mediated_Cell_Adhesion_WP185_71391 1.39E-07 

Hs_Myometrial_Relaxation_and_Contraction_Pathways_WP289_72107 1.45E-07 

Hs_Regulation_of_Actin_Cytoskeleton_WP51_72124 4.31E-07 

Hs_Folate_Metabolism_WP176_72364 9.03E-07 

Hs_Endochondral_Ossification_WP474_72122 1.04E-06 

Hs_TGF_Beta_Signaling_Pathway_WP560_68944 1.55E-06 

Hs_TGF_Beta_Signaling_Pathway_WP366_69026 1.55E-06 

Hs_BDNF_signaling_pathway_WP2380_71549 2.67E-06 

Hs_IL-6_signaling_pathway_WP364_72134 3.64E-06 
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Pathway p-value(Ct 

vs FBS) 

Hs_Trans-sulfuration_and_one_carbon_metabolism_WP2525_72048 4.08E-06 

Hs_Eukaryotic_Transcription_Initiation_WP405_63187 6.33E-06 

Hs_Leptin_signaling_pathway_WP2034_71413 6.48E-06 

Hs_Apoptosis_Modulation_by_HSP70_WP384_67054 6.94E-06 

Hs_Oxidative_Stress_WP408_69029 7.07E-06 

Hs_Diurnally_Regulated_Genes_with_Circadian_Orthologs_WP410_69903 7.98E-06 

Hs_Integrated_Pancreatic_Cancer_Pathway_WP2377_71228 1.75E-05 

Hs_Interleukin-11_Signaling_Pathway_WP2332_71360 1.75E-05 

Hs_Gastric_cancer_network_1_WP2361_71382 2.20E-05 

Hs_Vitamin_B12_Metabolism_WP1533_70117 2.61E-05 

Hs_RANKL-RANK_Signaling_Pathway_WP2018_71702 3.16E-05 

Hs_AGE-RAGE_pathway_WP2324_71701 3.47E-05 

Hs_ATM_Signaling_Pathway_WP2516_72241 3.70E-05 

Hs_IL-4_Signaling_Pathway_WP395_70016 3.76E-05 

Hs_MAPK_Cascade_WP422_72129 3.81E-05 

Hs_TCR_Signaling_Pathway_WP69_72111 5.20E-05 

Hs_B_Cell_Receptor_Signaling_Pathway_WP23_72101 5.35E-05 

Hs_Regulation_of_toll-like_receptor_signaling_pathway_WP1449_72114 5.56E-05 

Hs_Wnt_Signaling_Pathway_Netpath_WP363_70630 9.03E-05 
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Pathway p-value(Ct 

vs FBS) 

Hs_p38_MAPK_Signaling_Pathway_WP400_72084 9.23E-05 

Hs_MicroRNAs_in_cardiomyocyte_hypertrophy_WP1544_73325 1.03E-04 

Hs_Glycolysis_and_Gluconeogenesis_WP534_72028 1.08E-04 

Hs_Nucleotide_Metabolism_WP404_68960 1.12E-04 

Hs_Fatty_Acid_Biosynthesis_WP357_70641 1.18E-04 

Hs_Toll-like_receptor_signaling_pathway_WP75_72133 1.35E-04 

Hs_Oxidative_phosphorylation_WP623_68894 1.57E-04 

Hs_Pentose_Phosphate_Pathway_WP134_68931 1.97E-04 

Hs_Hypertrophy_Model_WP516_71358 2.08E-04 

Hs_Interferon_type_I_signaling_pathways_WP585_73488 2.36E-04 

Hs_Fluoropyrimidine_Activity_WP1601_73314 2.47E-04 

Hs_TSH_signaling_pathway_WP2032_72116 2.92E-04 

Hs_Sphingolipid_Metabolism_WP1422_71368 3.66E-04 

Hs_Prostaglandin_Synthesis_and_Regulation_WP98_72088 4.30E-04 

Hs_Parkinsons_Disease_Pathway_WP2371_71267 4.51E-04 

Hs_IL-7_Signaling_Pathway_WP205_70018 5.58E-04 

Hs_Gastric_cancer_network_2_WP2363_72042 6.39E-04 

Hs_TCA_Cycle_WP78_70014 6.45E-04 

Hs_miRNAs_involved_in_DNA_damage_response_WP1545_70088 6.45E-04 
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Pathway p-value(Ct 

vs FBS) 

Hs_Calcium_Regulation_in_the_Cardiac_Cell_WP536_72097 7.11E-04 

Hs_Integrated_Cancer_pathway_WP1971_71249 9.27E-04 
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CHAPTER 5 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

5.1 CONCLUSIONS 

Epidemiology studies have established strong links between chronic arsenic exposure and 

the increased risk of various cancers and diseases. The molecular target of arsenic is no 

less complex. Arsenic perturbation of energy metabolism represents the type of central 

fundamental pathway that could impact many diverse downstream cellular processes that 

could potentially give rise to the various types of diseases and cancers seen with arsenic 

exposure. In chapter 2, I established that arsenic induction of extracellular acidification 

and lactate production is due to an induction of glycolysis, which has also been found to 

be a generalized phenomenon. A preliminary study in humans showed that total urinary 

arsenic and lactate levels were found to be positively correlated. The induction of 

glycolysis by arsenic was associated with an induction of glycolytic genes and 

accumulation of HIF-1A. To understand the functional significance of arsenic-induced 

aerobic glycolysis, I expanded the study (chapter 3) to the arsenic-mediated BEAS-2B 

malignant transformation model. I characterized glycolysis induction, glycolysis master 

regulator HIF-1A expression, the ability of cells to undergo anchorage-independent 

growth, the acquisition of aneuploidy, and squamous metaplasia. To provide evidence 

that arsenic induction of transformation is caused by HIF-1A induction of glycolysis, I 

generated stable HIF-1A knockout BEAS-2B that not only suppressed arsenic-induced 

glycolysis but also suppressed anchorage independent growth. In chapter 4, I studied the 
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impact of serum on BEAS-2B phenotype. Interestingly, BEAS-2B cultured in serum 

containing media undergoes squamous metaplasia, with subsequent alterations in gene 

expression, energy metabolism, and increased sensitivity to arsenic exposure.  

 

5.1.1 Arsenic exposed cells have increased extracellular acidification. 

The initial observation that arsenic increases extracellular acidification was made by 

chronically exposing cells to sodium arsenite. The phenol red indicator in the cell culture 

media was more yellow in the arsenite exposed cells, and the pH in the arsenic exposed 

cells was lower than control. To follow-up with this observation, control cells and 2 week 

arsenite-exposed cells were analyzed with an extracellular flux analyzer. The results 

showed an increase in extracellular acidification rate which was consistent with our 

observation (Chapter 2). Short acute exposure of 1 µM arsenite, followed by extracellular 

acidification rate measurement showed that arsenite induction of extracellular 

acidification happens as soon as 20 minutes after exposure (Chapter 2).  

 

5.1.2 Arsenic-induced extracellular acidification is due to the induction of glycolysis. 

It is well documented in the literature that extracellular acidification could be the result of 

proton and lactate cotransport out of the cells. To examine this, a one week arsenite dose 

response was performed on BEAS-2B cells, and the media and cellular lactate levels 

were evaluated by lactate assay. Results suggest that arsenite induction of lactate 

production is arsenite dose dependent (Chapter 2). To establish that the increased lactate 

production was from glucose, 2-DG was used to inhibit hexokinase. The appropriate dose 
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of 2-DG was determined by dose response measurement of lactate production inhibition 

and cell viability changes. In the subsequent experiment, BEAS-2B cells were treated 

with or without 1 µM arsenite and with or without 48 hour terminal 2-DG. The arsenic 

only group showed increased lactate production, but this effect was completely inhibited 

by 2-DG. This successfully established that lactate production is due to the glycolytic 

break down of glucose (Chapter 2). All experiments were performed under oxygen 

sufficient cell culture conditions, 5% CO2 plus 95% air, which suggests that arsenic is 

inducing aerobic glycolysis, the Warburg effect. 

 

5.1.3 Arsenic-induced aerobic glycolysis is a generalized phenomenon. 

I successfully established that arsenite induces aerobic glycolysis in BEAS-2B. To 

understand whether this is a generalized phenomenon, primary cells, immortalized cells, 

and cancer cells originating from the lung, bladder, prostate, and skin were evaluated. 

Cell lines tested include HUC, HDF, BEAS-2B, RWPE-1, and A549, all of which 

showed induction of lactate under arsenite exposure (Chapter 2). This suggests that 

arsenic-induced aerobic glycolysis is a generalized phenomenon in cultured human cells. 

A preliminary study exploring the relation between total urinary arsenic levels and 

urinary lactate levels was performed. The extremes of total urinary arsenic samples 

representing both low and high arsenic levels were subjected for lactate assay. A positive 

correlation was found between total urinary arsenic and urinary lactate. 
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5.1.4 Arsenic-induced glycolysis is associated with an induction of glycolytic gene 

expression. 

Glycolytic gene induction was evaluated by RT-PCR. Global inductions of glycolytic 

genes were observed in 2 and 4 week arsenic treated BEAS-2B cells (Chapter 2). In the 2 

week arsenic exposed BEAS-2B, 14 out of 25 glycolysis related genes were induced. In 

the 4 week arsenic exposed BEAS-2B, 17 out of 25 glycolysis related genes were 

induced. The appearance of coordinated induction of glycolysis genes suggested the 

possibility that a master regulator was controlling the induction. The RT-PCR array used 

to analyze gene expression in this study includes 14 HIF-1A responsive genes. 

Interestingly, 10 of the 14 HIF-1A responsive genes were up-regulated in the 4 week 

arsenic sample. The induction of HIF-1A genes suggested that potentially more HIF-1A 

protein was present in the arsenic samples. Immunoblot analysis confirmed that HIF-1A 

protein accumulated in the arsenic exposed samples (chapter 2). 

 

5.1.5 Arsenite mediated HIF-1A accumulation is consistent with protein 

stabilization. 

Understanding the cause of HIF-1A protein accumulation during arsenic exposure is 

important to provide a mechanistic explanation of the arsenic-induced glycolysis 

phenotype. The first approach used was the characterization of the time and dose at 

which HIF-1A accumulation occurs. The arsenite dose response and time course study in 

BEAS-2B showed that HIF-1A accumulates with as low as 1 μM arsenite exposure and 

as early as 24 hours post exposure (Chapter 3). However, accumulation of HIF-1A does 
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not indicate it is functionally active. In order for transcriptional factors to work, they 

must translocate into the nucleus. To address this question, nuclear and cytosolic 

fractionation was done in BEAS-2B control and 2 week 1μM arsenite treated cells. It 

was found that HIF-1A protein accumulates in both the nuclear and cytosol fraction of 

the arsenite exposed group (Chapter 3). The nuclear and cytosolic fractionation study 

was corroborated up by immunofluorescence staining, the results of which were found 

to be consistent with the fractionation study. The simplest way for cell to elevate 

protein levels is through the up-regulation of gene expression. However, no up-

regulation in HIF-1A mRNA was found, which is consistent with the published 

literature. In the literature, HIF-1A is most commonly reported as being regulated by 

alterations in degradation, but little is known about the transcriptional and translational 

regulation of HIF-1A. Since HIF-1A is thought to be post-translationally regulated, in 

order to provide evidence that HIF-1A accumulation is due to changes in protein 

stability, the half-life of HIF-1A was measured in control and 2 week arsenic treated 

BEAS-2B. The half-life of HIF-1A was greatly extended in the arsenic treated BEAS-

2B as compared to control (Chapter 3). Taken together, the results suggest that HIF-1A 

accumulation is consistent with protein stabilization. 

 

5.1.6 Arsenic-induced glycolysis is dependent on HIF-1A. 

HIF-1A regulates a number of cellular processes. To determine whether glycolysis is 

dependent on HIF-1A accumulation in arsenic exposed BEAS-2B, both overexpression 

and knockdown of HIF-1A in BEAS-2B was performed. Transient overexpression of a 
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non-degradable HIF-1A significantly induced glycolysis as compared to vector control 

(Chapter 3). Stable knockdown of HIF-1A inhibited the induction of glycolysis due to 

arsenic exposure (Chapter 3). Induction of glycolysis when HIF-1A is overexpressed and 

suppression of arsenic-induced glycolysis when HIF-1A is knocked down indicate that 

arsenic-induced glycolysis is dependent on HIF-1A. 

 

5.1.7 Arsenic induces malignant transformation in BEAS-2B. 

Studies have indicated that Arsenic induces malignant transformation in BEAS-2B. 

However, the culturing condition in those studies raised questions. When we attempted to 

use the same culturing conditions as described by Zhang, Carpenter, and Stueckle, 

DMEM plus FBS (Table 1.6.1), morphology change was observed (Chapter 4). We 

decided to perform a transformation study with defined BEAS-2B media. The serum free 

BEGM media was specifically developed to culture lung epithelial cells. BEAS-2B cells 

cultured in serum free media were able to undergo malignant transformation. Soft agar 

assay indicated that the cells undergo an initial increase in anchorage independent growth 

at 6 and 8 weeks which was further enhanced at 23 and 52 weeks (Chapter 3). Polyploidy 

analysis indicated that BEAS-2B cells chronically exposed to arsenic underwent an 

increase in aneuploid population (Chapter 3).  Arsenite stabilization of HIF-1A was 

sustained over the 2-52 weeks of exposure (Chapter 3). Glycolysis was also sustained 

from 2-52 weeks (Chapter 3). The epithelial marker E-cadherin was lost during arsenic 

exposure, but we did not detect any increase in mesenchymal markers (Chapter 3). This 
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would indicate that arsenic exposed BEAS-2B cells do not undergo EMT, but would 

suggest they may undergo squamous metaplasia.  

 

5.1.8 HIF-1A knockdown suppresses arsenite-induced glycolysis and malignant 

transformation. 

After arsenic-induced transformation in BEAS-2B was successfully characterized, the 

next approach was to study the role of HIF-1A induced glycolysis during the 

transformation process. HIF-1A stable knockdowns in BEAS-2B were generated and 

were chronically exposed to arsenite. Arsenite was found to no longer be capable of 

inducing glycolysis in the HIF-1A knockdown cells (Chapter 3). A suppression of 

anchorage-independent growth was also observed, but was not completely inhibited 

(Chapter 3). This indicates that HIF-1A induced glycolysis is associated with arsenic-

induced malignant transformation, but is probably not the only factor that contributes to 

arsenic mediated malignant transformation. 

 

5.1.9 Serum based culture dramatically alters BEAS-2B phenotype. 

As mentioned earlier in 5.1.7, BEAS-2B cultured with serum exhibit dramatic changes in 

morphology. We decided to follow-up on this observation in order to get a better 

understanding of BEAS-2B cell physiology. In order to make reasonable comparisons of 

BEAS-2B cells cultured with or without serum, I did not use DMEM plus FBS culturing 

conditions. Instead, both experimental groups were cultured with serum-free defined lung 

epithelial media, and 5% FBS was supplied to the serum group. Alterations in gene 
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expression were observed. Pathway focused analysis of the significantly altered pathways 

showed that four pathways were involved with energy metabolism. I followed up on this 

finding with energy metabolism profiling using the extracellular flux glycolysis and 

mitochondria stress tests, and found that there was a significant increase in glycolytic 

capacity, basal respiration, ATP production, and maximal respiration in the serum 

cultured BEAS-2B as compared to control. Cytotoxicity studies with arsenic showed that 

the serum-cultured BEAS-2B were more sensitive to arsenic toxicity. I also observed a 

decrease in both E-cadherin gene and protein expression in the serum exposed cells. This 

study revealed an interesting finding of BEAS-2B cell physiology. Awareness about the 

potential effects of culture conditions on the physiology of BEAS-2B cells should be 

raised for any researchers who use BEAS-2B as a model. 

 

5.2 FUTURE DIRECTIONS 

The significance of these studies is that they have identified a fundamental cellular 

process that could drive the diverse downstream cellular processes typical of those 

associated with arsenic toxicity in various models. The results of these studies have 

opened up many potential new research directions and ideas to be pursued in the future. 

 

5.2.1 Applying the arsenic disruption of energy metabolism concept to other 

environmental metals. 

As previously mentioned in chapter 1, several metals are able to cause HIF-1A protein 

accumulation. However, thus far only arsenic, nickel, and cobalt have been shown to 
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disrupt energy metabolism. Studies of other metals and environmental toxicants in the 

subject of energy metabolism can provide important scientific information for regulatory 

guidelines in the future. 

 

5.2.2 Further characterization of the arsenic accumulation of HIF-1A. 

Based on the current study, I have ruled out the possibility of arsenic-based 

transcriptional induction of HIF-1A, and have demonstrated that HIF-1A protein half-life 

is stabilized by arsenic. Although extremely unlikely, we did not study the possibility that 

HIF-1A is regulated at the translational level. In order to study this in the future, a pulse 

chase of [35S] labeled methionine could be used, which would measure de novo 

synthesized HIF-1A and would clarify whether HIF-1A is regulated on the translational 

level. Also, we have not fully characterized whether HIF-1A regulated genes induced by 

arsenic was a direct result of HIF-1A accumulation. A chromatin immuneprecipitation 

(ChIP) experiment could help answer this question. A proteomic approach could also be 

used to analyze HIF-1A pull down of other proteins or complexes during arsenic 

exposure, which will provide further insight as to how arsenic stabilizes HIF-1A.  

 

5.2.3 Exploring the impact of arsenic-induced energy metabolism disregulation on 

epigenetic modification and genomic stability. 

Arsenic has previously been shown to modulate histone acetylation. However, the 

mechanism through wich arsenic causes global acetylation alterations remains to be 

investigated. Studies have shown that energy metabolism intermediates such as NAD+ 
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and Acetyl-CoA are important cofactors for sirtuin (deacetylase) and acetyltransferase 

reactions. Poly ADP ribose polymerase (PARP) activity is also dependent upon NAD+ 

levels. When arsenic induces the Warburg effect, preliminary data showed that the 

NAD+/NADH ratio has changed. This could possibly lead to disruptions in acetylation 

activity and PARP mediated DNA repair. An initial approach to further explore this 

would be looking at total cellular acetylation and/or histone acetylation levels with and 

without arsenic treatment. The next approach would be looking at acetylation status in 

HIF-1A knockout cells treated with or without arsenic, because knockout of HIF-1A 

suppressed arsenic-induced glycolysis in our studies. It has been established that arsenite 

inhibits PARP1 activity, but the mechanism remains unknown. This could potentially be 

caused by the disruption of energy metabolism as well. To approach this, double-strand 

breaks could be generated in live BEAS-2B vector control cells and HIF-1A knockdown 

cells treated with or without arsenic. DNA repair could be accessed by quantifying DNA 

damage.  

  

5.2.4 Validating arsenic-induced glycolysis and BEAS-2B malignant transformation 

in vivo. 

Although we have preliminary human data that supports arsenic-induced glycolysis, 

further validation of this phenotype in a mouse model is necessary. Urine can be 

collected through the use of metabolic cages and subjected to lactate assay analysis. 

Blood should also be tested for lactate levels. Different tissues, especially the ones that 

are reported to be targets of arsenic toxicity, such as the lung, bladder, skin, kidney, and 
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heart can be used for HIF-1A analysis. This will probably be very challenging because 

HIF-1A protein exhibits a short half-life. An alternative approach could involve 

measuring gene expression using glucose metabolism RT-PCR arrays as we did in 

Chapter 2. However, one needs to keep in mind that mice metabolize arsenic much faster 

than humans, and as such the results might not closely represent human exposures. 

  

It has been reported that malignantly transformed BEAS-2B can grow in SCID or nude 

mice. It would be interesting to evaluate xenograft formation in SCID using the 8 week 

arsenic exposed BEAS-2B vector cells vs. shHIF1A cells. Also, it would be interesting to 

see whether knocking down HIF-1A in an already transformed BEAS-2B can reverse the 

malignant phenotype, by reducing anchorage-independent growth and reducing tumor 

size in SCID mice.  

 

 5.2.5 Separating HIF-1A transcription activity with the induction of glycolysis. 

Galactose has been shown to shift metabolism toward OXPHOS. It would be interesting 

to test whether shifting glycolysis to OXPHOS by galactose without altering HIF-1A 

levels have any impact on arsenic mediated BEAS-2B malignant transformation. This 

approach could potentially tell us whether it is truly the surge of glycolysis caused by 

arsenic that promotes transformation. If galactose supplementation can reverse the 

arsenic-induced Warburg effect and inhibit malignant transformation, then it might have 

potential for clinical application.  
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5.2.6 Exploring the role of HIF-2A in arsenic mediated transformation. 

HIF-2A has been known to have oncogenic effects, and it is found to be up-regulated in a 

variety of cancers including lung carcinoma. In this study, due the lack of reliable 

antibody, we failed to consistently detect HIF-2A protein by immunoblot. However, the 

few successful HIF-2A immunoblots showed an increase in HIF-2A levels in BEAS-2B 

cells under arsenite exposure. Interestingly, HIF-2A protein levels seem to exhibit 

delayed accumulation compared to HIF-1A. HIF-1A levels showed accumulation as early 

as 2 weeks during the transformation study, but HIF-2A levels did not seem to start 

accumulating until 6 weeks of exposure. Although HIF-2A does not control glycolysis, it 

can regulate angiogenesis and invasion. In order to study the effects of HIF-2A on 

arsenic-induced transformation, further experiments including arsenic time course and 

dose response studies should be done on HIF-2A. Stable knockdown of HIF-2A will also 

be helpful in determining whether it plays a role in arsenic-mediated transformation.  
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APPENDIX A 

AUTOPHAGY REQUIREMENT IN AN ARSENIC-TRANSFORMED BLADDER 

CANCER MODEL 

 

I have chosen not to publish any text and figures in this section due to mycoplasma 

contamination found in the UROtsa cell line after completion of this project. However, I 

believe that this study contains valuable findings which provide an understanding of the 

autophagy requirement in arsenic-mediated bladder malignancy. 

 

A.1 ABSTRACT 

Epidemiology studies have shown a strong link between chronic arsenic exposure and 

bladder cancer. An immortalized, non-malignant human urothelial cell line, UROtsa, has 

been widely used as a model of arsenic-induced bladder cancer. The UROtsa cell line has 

been transformed by chronic exposure to low concentrations of arsenite, producing the 

malignant cell line, URO-ASSC. Macroautophagy (autophagy) is a cellular degradation 

pathway that recycles damaged and superfluous proteins and organelles. Current 

literature suggests that autophagy may be a survival mechanism in malignant tumor cell 

growth, mitigating the metabolic stress of rapid growth and hypoxia. This led us to 

hypothesize that the URO-ASSC cell line could have a higher autophagy rate than the 

parent UROtsa, and that inhibiting autophagy could impact the malignant phenotype of 

URO-ASSC. Using complementary methods, we found that autophagy occurs 

constitutively in both UROtsa and URO-ASSC. However, by measuring LC3II protein 
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accumulation during lysosomal impairment by bafilomycin A1, the URO-ASSC line 

exhibits significantly greater autophagic flux of LC3II than UROtsa, confirming part of 

our hypothesis.  Exposure of URO-ASSC cells to autophagy inhibitors 3-mythyladenine 

or bafilomycin A1 resulted in significant reduction in cellular viability as well as 

anchorage-independent growth, a key phenotype of arsenic-induced malignant 

transformation. Genetic knockdown of ATG7, an essential early-autophagy gene, blocks 

LC3II accumulation and inhibits anchorage-independent growth without affecting growth 

in conventional cell culture. Our data shed light on the role of autophagy in the malignant 

phenotype induced by chronic exposure to inorganic arsenic in human bladder epithelial 

cells.  

 

A.2 INTRODUCTION 

Epidemiology studies have shown that chronic exposure to environmental arsenic has the 

potential to induce the incident of bladder cancer (Chen et al., 2010; Fernandez et al., 

2012). UROtsa has been long established as a good model to study arsenic-induced 

bladder carcinoma. The UROtsa cell line was created by infecting normal human 

urothelium cells with simian virus 40 (SV40) large T antigen (Petzoldt et al., 1994; 

Petzoldt et al., 1995). UROtsa cells are incapable for anchorage independent growth and 

forming tumors in nude or SCID mice. Upon chronic exposure of arsenite (sodium 

arsenite or Monomethylarsonous acid (MMAIII)), UROtsa irreversibly transform into a 

malignant cell line that obtains cancerous phenotypes: increased proliferation, anchorage 

independent growth, tumor growth in sever immune compromised mice (Sens et al., 
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2004a). It has also been shown that transformed UROtsa have alterations in multiple 

signaling pathways such as RAS, SPARC, IL8, AP-1, etc. (Drobna et al., 2003; Eblin et 

al., 2009; Larson et al., 2010; Escudero-Lourdes et al., 2012).  

 

Macroautophagy (hereafter referred as autophagy), an evolutionary conserved molecular 

mechanism, which is responsible for bulk degradation of cellular components. The main 

function of autophagy is to respond to starvation stress. When autophagy is activated, a 

de novo double membrane structure will initiate through the help of the Class III 

Phosphoinositide 3-kinase (PI3K) complex.(Mizushima et al., 2001; Liang et al., 2008) 

Elongation of the autophagic membrane is accomplished through two Ub like 

conjugation system, the ATG12 conjugation system and the LC3 conjugation system, 

which both starts with the E1-like enzyme Atg7(Mizushima et al., 2003; Hanada et al., 

2007). Eventually the double membrane structure will mature in to autophagosome. The 

Autophagosome then fuse with lysosome and utilize the lysosomal enzymes to degrade 

the sequestered components. Cells utilize this machinery to generate new pools of amino 

acids and lipids by degradation of proteins and organelles(Deter et al., 1967; Rodriguez-

Enriquez et al., 2006).  

 

The role of autophagy in the development, progression, and treatment of cancer is 

currently a hot area of research. Levine’s group showed that tumors develop 

spontaneously in beclin1 heterozygous mice (Qu et al., 2003).  It has also been shown 

that autophagy is critical for oncogenic K-Ras(V12)-induced malignant cell 
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transformation(Guo et al., 2011; Kim et al., 2011). After cancer has been developed, 

some cancer cell types are able to take advantage of up-regulated autophagy machinery 

for metastasis and resistance to chemotherapy. Also, Up regulated autophagy in cancer 

cells causes them to be chemo-resistant (Shintani and Klionsky, 2004). Previously we 

established that environmental relevant concentration of arsenite induces autophagy (Bolt 

et al., 2010a; Bolt et al., 2010b). We envisioned that arsenite induced malignancy utilize 

autophagy for survival and malignancy. Using the UROtsa model, we examined 

autophagy levels of UROtsa and arsenite transformed URO-ASSC. Indeed, autophagy 

levels were up-regulated in URO-ASSC, and autophagy was required to maintain the 

malignancy. 

 

2.3 MATERIALS AND METHODS 

Reagents 

Bafilomycin A1 (BafA1, dissolved in DMSO) was purchased from Santa Cruz 

Biotechnologies (Santa Cruz, CA). 3-Methyladenine (3MA, dissolved in MilliQ H2O), 

MTT, Poly(HEMA) were purchased from Sigma Aldrich (St. Louis, MO).   

 

Cell Culture 

The Human Urothelial Cells, UROtsa and URO-ASSC, were a generous gift from the 

Donald A. Sens and Mary Ann Sens laboratory (University of North Dakota). URO-

ASSC cells were created by chronic exposure of 1 μM sodium arsenite to UROtsa 

cells(Sens et al., 2004b). Cells were cultured in Dulbecco’s Modified Eagle Medium 



176 
 

(DMEM without sodium pyruvate) supplemented with 5% v/v FBS and 1 % antibiotic-

antimycotic, under 5 % CO2 at 37oC. Complete growth media was changed every 2 days. 

UROtsa cells were subcultured at a seeding density of 1,000,000 in 75 cm2 culture flasks. 

URO-ASSC cells were subcultured at a seeding density of 1,000,000 in 75 cm2 culture 

flasks. Trypsin-EDTA (0.25%) was used to remove cells from culture flasks. 

 

Antibodies and immunoblot analysis 

Primary antibodies were used at the following dilutions: LC3, 1:500 (Nano Tools, San 

Dieo, CA); α-Tubulin, 1:1000 (Sigma Aldrich, St. Louis, MO); ATG7, 1:500 (Cell 

Signaling, Danvers, MA). Seconday antibody goat anti-rabbit IgG-HRP and goat anti-

mouse IgG-HRP(Santa Cruz Biotechnology, Santa Cruz,CA) were always used at 1:5000 

dilution. After treatment, cells were washed twice with PBS, and lysed in sample buffer 

[10% glycerol, 100 mM DTT, 50 mM Tris-HCl (pH 6.8), 2% SDS]. Samples were then 

denatured in 90oC dry bath for 5 minutes. After sonication, protein concentration was 

measured by Pierce 660 nm Protein Assay (Thermo, Rockford, IL) with the supplement 

of Ionic Detergent Compatibility Reagent (Thermo). Equal concentrations of each sample 

plus loading dye (final concentration 0.1% v/w bromopheno blue) were subjected to 

SDS-polyacrylamide gel electrophoresis and immunoblot analysis. Immunoblots were 

visualized by addition of chemiluminescence substrate (Thermo) and documented using 

GeneGenome5 (Syngene, Frederick, MD). 

 

RNAi and Tranfection 
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siRNA against ATG7, sense 5-GGAACACUGUAACACCAtt-3 and anti-sense 5-

UGGUGUUAUACAGUGUUCCaa-3, was purchased from Ambion (Life Technologies, 

Grand Island, NY). AllStar Negative Controls (scramble siRNA) was purchased from 

Qiagen (Valencia, CA). Transfection was performed using the Invitrogen Neon system 

(Life Technologies, Grand Island, NY) with the following parameters: Cell density 

1E4/μl, pulse voltage 1500, width 20, number 1, with a final siRNA concentration 50nM. 

After transfection, cells were plated in a 24 well plate for 24-72hrs before preforming 

other assays. 

 

Stable cell line generation 

Lentivirual particles GIPZ vector and shRNA against ATG7 were purchased from 

(Thermo). URO-ASSC cells were infected with NSC, shATG7, MOI of 10. After 48 

hours of infection, cells were cultured under 2 µg/ml puromycin in normal growth media. 

 

RNA Isolaltion and Real-time PCR: 

Cells were washed twice with PBS. Total RNA was isolated using RNeasy Mini Kit 

(Qiagen, Valencia, CA) according to manufacture protocols. ATG7 (Hs00197348_m1) 

and GAPDH (HS 099999905_m1) PCR TaqMan Gene Expression Assay was purchased 

from Applied Biosystems (Life Technologies, Grand Island, NY). Real-time PCR was 

performed with TaqMan One-Step RT-PCR Master Mix according to manufacturer’s 

protocol using the StepOnePlus Real-Time PCR system (Applied Biosystems). 
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Cell viability Assay 

URO-ASSC cell viability under exposure of 3MA or Baf-A1 was measured by CellTiter 

96® Aqueous One Solution Cell Proliferation Assay (MTS) according to manufactures 

protocol (Promega). Cells were seeded at 5000 cells/ well in a 96-well plate 12 hours 

before treatment. Cells were dosed with various concentrations of 3MA and Baf-A1 and 

incubated under normal growth conditions. After 92 hours, 20 µl of MTS reagent were 

added to each well. ABS 490 nm was read exactly at the 96 hour time point. 

 

Soft Agar Assay 

Cells were removed from culture flask with trypsin, suspended in culture media, and 

subjected to soft agar assay to measure anchorage independent growth as previously 

described (Bredfeldt et al., 2006b). Briefly, 2 ml of 0.7% agar in growth media was used 

to cover the bottom of each well (6-well plate). 100,000 cells were suspended in 2 ml 

0.35% agar in growth media and overlaid onto base agar. Each agar layer was allowed 30 

min to solidify. 2 ml growth media w/wo treatment was added on top of the agar layers, 

and was replaced with fresh media every 3 days. 14 days after incubation agar plates 

were stained for viable colonies with MTT (3-(4,5-dimethylthizol-2-yl)-2,5-

diphenyltetrazolium bromide). After 4 hours of incubation plates were digitally 

photographed at identical exposure settings under fluorescent transillumination. Digital 

images were analyzed using ImageJ particle count. 

 

Tumor Sphere Formation Assay 
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To dynamically monitor tumor sphere formation, we used a microplate assay for 

quantitation of anchorage-independent growth of transformed cells (Fukazawa et al., 

1995). In brief, cells were seeded at a density of 2500 cells per well. Tumor sphere 

formation was measured by incubating each well with 20 µl of MTT for 4 hours and 

lysing the cells in 20% SDS. ABS 570 nm was obtained 24 hours after the addition of 20% 

SDS.  

Tumorigenicity in SCID mouse xenografts 

URO-ASSC vector control and URO-ASSC-shATG7 cells were trypsined and washed 

with PBS. Cell pellets were suspended in sterile saline, and 10 million cells were injected 

subcutaneously into the lower right flank of the mouse in a total volume of 100 µL. tumor 

size was measured twice weekly for volume estimation. After 43 days of injection, 

tumors were excised and weighed. All procedures were performed in accordance with 

approved protocols of the University of Arizona Institution animal Care and Use 

Committee by the Experimental Mouse Shared Service.  

 

Statistical analyses 

T-test (unpaired) comparisons were performed to compare mean differences in exposed 

samples at a significance threshold of P<0.05 using GraphPad Prism version 5.0 for 

MAC (La Jolla, CA) 

 

A.4 RESULTS 

Autophagy is up-regulated in Arsenite transformed URO-ASSC cells. 
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Measuring autophagic flux is widely accepted as the gold standard to determine 

autophagy status in a cellular model (Klionsky et al., 2012). To compare autophagy status 

between UROtsa cells and URO-ASSC cells, autophagic flux was measured by blocking 

lysosomal mediated degradation of LC3II with Baf-A1 at 0, 1, and 2 hours. URO-ASSC 

accumulates LC3II faster than UROtsa (A.6.1). Densitometry of LC3II protein levels was 

normalized to tubulin, and then subtracted with the 0 hour sample in each group. 

Statistics from three independent experiments show the accumulation of LC3II (ΔLC3II) 

in URO-ASSC cells during 1 and 2 hour Baf-A1 blockage was 4.35 and 3.36 fold higher 

than UROtsa cells at a significant level of p<0.01.   

 

Chemical inhibitors of autophagy reduce cell viability and anchorage independent 

growth in URO-ASSC cells. 

To study whether autophagy is essential for normal cellular function in URO-ASSC cells, 

96 hour cell viability assays were performed using various concentrations of Baf-A1 and 

3MA.  Inhibition of autophagy both at the initiation complex with 3MA and degradation 

machinery with Baf-A1 showed reduction of cell viability in URO-ASSC cells (A.6.3). 

The efficacy of autophagy inhibition was measured by performing a 48 hour time course 

with 5nM of Baf-A1 and 5 mM of 3MA which did not cause noticeable cytotoxicity in 

URO-ASSC cells. 5 nM of Baf-A1 started to blocked LC3II degradation as quick as 6 

hours and continued to accumulate LC3II levels in a time dependent fashion (A.6.2A). 

Because of the rapid autophagy in URO-ASSC cells, steady state levels of LC3II when 

blocked with 3MA were difficult to probe. To measure 3MA efficacy, we performed the 
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48 hour 5mM 3MA time course followed by 100nM of Baf-A1 treatment in the final 2 

hours (A.6.2B). This blocks LC3II degradation and increases its immune-blot sensitivity. 

Compared to the 0hr 3MA treatment group, LC3II levels was down-regulated as early as 

4 hours and decrease in a time dependent fashion (2D).  

To further study whether inhibition of autophagy plays a role on maintaining the 

malignant phenotype of URO-ASSC cells, anchorage-independent growth was measured 

by soft agar colony formation assay (A.6.4). Results showed that 1 mM 3MA and 2.5 nM 

Baf-A1 had no significant impact on URO-ASSC viability, reduced the colony count by 

53.3% and 70.8% compared to control at a statistically significant level. 2.5 mM and 5 

mM of 3MA reduced colony count by 84.7% and 97.4%; 5nM and 10 nM of Baf-A1 

reduced colony count by 95.9% and 99.5%. Together, these data indicate that chemical 

inhibitors of autophagy leads to reduced cellular viability, and more importantly non-

cytotoxic concentrations of autophagy inhibitors inhibit anchorage-independent growth.  

 

The ATG7 mediated autophagic conjugation cascade is essential to the malignant 

phenotype of URO-ASSC. 

To further investigate whether autophagy in URO-ASSC is essential for anchorage 

independent growth, genetically suppressing autophagy at the autophagic conjugation 

cascade was performed. RNAi against ATG7 significantly reduced ATG7 both at the 

mRNA and protein level (A.6.5). Compared to the Control and non-silencing control 

(NSC, scrable siRNA), LC3II protein levels were blocked in the siATG7 group both at 

basal levels and with treatment of 100 nM of Baf-A1 for 2 hours (A.6.5A). Soft agar 
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assay was performed to measure anchorage-independent growth. Result shows that the 

siATG7 group had 65.2% reduction in colony count compared to control (A.6.6). To 

measure the dynamics of in vitro tumor sphere formation of URO-ASSC cells with or 

without ATG7 knockdown, a 96-well micro-plate assay to measure anchorage-

independent growth was performed. Tumor spheres growth was measured over a time 

course of 8 days. The trend of tumor growth significantly decreases in the siATG7 group, 

indicating a repression of anchorage independent growth (A.6.7). Another important 

phenotype of a malignant cell is the ability to invade. To test this, a fluorometric assay 

was used to measure URO-ASSC control, NSC, and siATG7 groups. Results show a 45% 

reduction in invasion comparing the siATG7 transfected URO-ASSC cells to the Control 

cells (A.6.8). Together, these data suggest that ATG7 is essential to maintain the 

malignant phenotype in BEAS-2B. 

 

Stable knockdown of ATG7 in URO-ASSC cells reduces tumor size in SCID mice. 

A stable knockdown of ATG7 with shRNA was generated in URO-ASSC cells (URO-

ASSC-shATG7) in order to study the role of autophagy on in vivo tumor formation in 

SCID mice (A.6.9).  After 43 days injection of URO-ASSC-shATG7 and URO-ASSC 

vector control into SCID mice, tumors were excised and weighed (A.7.1). The results 

show a reduction of tumor size in the URO-ASSC-shATG7 group (A.6.10B). However, 

this did not reach a level of significance. Immunoblot analysis of the tumors show a 

significant reduction of ATG7 protein levels in the URO-ASSC-shATG7 group, but 
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LC3II levels were not completely knocked down as observed in in vito studies (A.6.10 

and A.6.5).  

 

A.5 DISCUSSION 

The autophagy process is a double edged sword. It recycles damaged proteins and 

organelles. On the other hand, cancer cells can highjack autophagy to facilitate survival. 

This study establishes that autophagy is induced in URO-ASSC cells compared to its 

parent cell line UROtsa, and URO-ASSC cells require autophagy to maintain its 

malignant phenotype. This up-regulated autophagy machinery helps URO-ASSC cells to 

recycle its energy and building blocks more efficiently, allowing the cells to keep up with 

its energy demands during increased proliferation and metastasis. When autophagy was 

knocked down by chemical inhibitors of autopahgy, both the cell viability and the ability 

to form colonies in soft agar reduced. However, it is hard to determine whether this effect 

was really caused by inhibition of autophagy or cytotoxicity of the compound itself. Baf-

A1 is a specific inhibitor of vacuolar type H+-ATPase; it inhibits the acidification of 

organelles containing this enzyme, such as lysosomes and endosomes (Klionsky et al., 

2008). Autophagy inhibitor 3MA not only inhibits class III PI3Ks but also been shown to 

inhibit class I PI3Ks (Wu et al., 2010). Class I PI3Ks regulates Receptor tyrosine kinases 

and RAS and G-protein-coupled receptors, all of which are related to cell survival and 

proliferation (Bader et al., 2005). To understand the role of autophagy in arsenic-induced 

malignancy, a genetic modification to knockdown ATG7 with siRNA was used in URO-

ASSC cells. Knocking down ATG7 in URO-ASSC reduced colony formation in soft agar, 
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tumor sphere formation, and invasion in vitro at a significant level. However, stable 

knock down of ATG7 with shRNA reduced tumor growth in vivo, but not at a statistical 

significant level. Immunoblots of the excised tumors showed efficient knockdown of 

ATG7, but evidence of loss of autophagy flux was not clear. Unlike cell based studies, 

where autophagy flux could be accessed by a Baf-A1 end point treatment followed by 

LC3II immunoblot. The technical challenge of the SCID study is that autophagy flux 

could not be obtained easily. Signaling transduction during tumor formation in SCID is a 

lot more complicated than in vitro assays. Tumor micro environment plays an essential 

role in signaling during tumor growth. Other essential pathways such as HIF family 

members may also play important roles in transformation and maintenance of the 

malignant phenotype. 

 

The arsenite mediated malignant transformation of UROtsa to URO-ASSC is permanent 

(Sens et al., 2004a). This means the URO-ASSC cells have irreversible induction of 

autophagy. Autophagy is frequently reported to be up-regulated in various cancer cell 

types (Karantza-Wadsworth and White, 2007; Jaboin et al., 2009; Nencioni et al., 2013). 

To form colonies in soft agar or tumor spheres, URO-ASSC cells need to find a way to 

fight hypoxia, nutrient starvation, and keep up with the energy demand for increased 

proliferation. It seems to be logical that URO-ASSC cells can highjack autophagy as an 

efficient way to keep up with their high energy metabolism demands for proliferation.  
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The negative role of autophagy has also been observed in many other cancer cell types. 

However, little information on how autophagy impacts malignant transformation is 

known. A study conducted by Zhang et al. showed that autophagy is a cell self-protective 

mechanism against arsenic-induced cell transformation (Zhang et al., 2012a). However, 

after the cells have become malignant, autophagy is no longer a protective process, it is 

hijacked by malignant cells to help survival and resist chemotherapy.  

 

Conclusions 

1. Chemical inhibitors of autophagy reduce URO-ASSC cell viability and 

anchorage-independent growth. 

2. Genetic knockdown of autophagy in URO-ASSC reduces anchorage-

independent growth, tumor sphere formation, and invasion. 

3. Genetic knockdown of autophagy reduces the tumor size formed in SCID 

mice, but not at a statistically significant level. 

4. The UROtsa cells were found to be mycoplasma contaminated after the 

completion of this study. 
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A.6 FIGURES 

A.6.1 Baf-A1 time course in UROtsa vs. URO-ASSC. 

A 

 

B 

 

A) Immunoblot comparing LC3II levels in UROtsa and URO-ASSC treated with 0, 1, 

2 hours of 100 nM of Baf-A1. B) Delta-LC3II Levels from three biological replicates. 

LC3II levels were first normalized to tubulin. Each time point of LC3II/Tub was then 

subtracted to 0 hr Baf-A1. Bars represent the absolute accumulation of LC3II over the 

indicated time point within each group.* p< 0.01 unpaired student t-test UROtsa vs. 

URO-ASSC. 
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A.6.2 Time course of autophagy inhibitors Baf-A1 and 3MA in URO-ASSC. 

A 

 

B 

 

A) URO-ASSC cells were treated with 5 nM of Baf-A1 for the indicated time periods 

prior to harvest and LC3II immunoblot analysis. B) URO-ASSC cells were treated 

with 3MA (5 mM) for the indicated time periods. Cells were treated with 100nM of 

Baf-A1 for 2hours prior to harvest and LC3II immunoblot analysis. 
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A.6.3 Cell viability assay of autophagy inhibitors Baf-A1 and 3MA in URO-ASSC. 

A 

 

B 

 

A) 96 hr MTS viability assay of URO-ASSC treated with 3-methyladenine (3MA) B) 96 

hr MTS viability assay of URO-ASSC treated with Bafilomycin A1 (Baf-A1). 
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A.6.4 Soft agar assay of URO-ASSC exposed to autophagy inhibitors Baf-A1 and 

3MA. 

 

Colony count (Two week soft agar assay) of each indicated treatment group. Values 

represent mean, ±S.D., from three technical and three biological replicates, for a total of 

nine replicates per group. *p<0.05 ANOVA followed by Dunnett’s multiple comparisons 

test. 
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A.6.5 siRNA knockdown of ATG7 in URO-ASSC. 

A 

 

B 

 

A) Immunoblot analysis, using NSC(scramble) and siRNA against ATG7 (siATG7) in 

URO-ASSC cells knockdown. Cells were treated with or without 100 nM of Baf-A1 2 

hours prior to harvest. B) ATG7 mRNA levels were measured after transfection with 

NSC or siATG7. Values represent mean, ±S.D., from five replicates. *p<0.05 ANOVA 

followed by Dunnett’s multiple comparisons test. 
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A.6.6 anchorage-independent grown of URO-ASSC knocking down ATG7 with 

siRNA. 

 

Bar graphs represent the average colony count per well in soft agar assay with the 

indicated groups. Values represent mean, ±S.D., from three technical and three biological 

replicates, for a total of nine replicates per group. *p<0.05 ANOVA followed by 

Dunnett’s multiple comparisons test. 
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A.6.7 Tumor sphere formation of URO-ASSC knocking down ATG7 with siRNA. 

 

Curves represent the growth trend of colony formation with the indicated groups. Values 

represent mean, ±S.D., from nine replicates per group. Within each time point, *p<0.05 

ANOVA followed by Dunnett’s multiple comparisons test. 
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A.6.8 Invasion assay of URO-ASSC knocking down ATG7 with siRNA. 

 

 

Bar graphs represent the average CyQuant dye incorporation of invasion assay in each 

indicated group. Values represent mean, ±S.D., from three technical and three biological 

replicates, for a total of nine replicates per group. *p<0.05 ANOVA followed by 

Dunnett’s multiple comparisons test. 
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A.6.9 Generation of stable knockdown of ATG7 with shRNA in URO-ASSC. 

A 

  

B 

 

A) Immunoblot analysis of ATG7 stable knockdown using shRNA (shATG7) in URO-

ASSC. B) Evaluation of shATG7 stable cell line at the mRNA level in URO-ASSC. Bar 

graphs represent the relative gene expression of ATG7. 
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A.6.10 Tumor formation in SCID mice with stable URO-ASSC vector vs. shATG7. 

A

 

B 

 

A) ATG7 and LC3 protein levels were measured from URO-NSC and URO-shATG7 

tumors that have been grown 43 days in SCID mice. B) Tumor weight of URO-NSC and 

URO-shATG7 was measured after 43 days of growth in SCID mice. 
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A.7 TABLES 

A.7.1 Weight of tumors excised from SCID mice injected with stable URO-ASSC 

vector vs. shATG7 measured after 43 days of injection. 

Vector  

(Lane) 

Tumor Weight 

(grams) 

shATG7 

(Lane) 

Tumor Weight 

(Grams) 

1 0.8452 13 0.423 

2 0.4154 14 0.133 

3 0.5719 15 0.047 

4 0.8228 16 0.47 

5 0.5264 17 0.28 

6 1.639 18 0.5929 

7 0.6565 19 1.154 

8 0.8385 20 0.5699 

9 0.3976 21 1.6333 

10 0.6287 22 0.7006 

11 1.0558 23 0.6307 

12 1.1504 24 0.4256 

 

 

 

 



197 
 

REFERENCES 
 
A, J., Trygg, J., Gullberg, J., Johansson, A.I., Jonsson, P., Antti, H., Marklund, S.L., 

Moritz, T., 2005. Extraction and GC/MS analysis of the human blood plasma 
metabolome. Analytical chemistry 77, 8086-8094. 

Achanzar, W.E., Brambila, E.M., Diwan, B.A., Webber, M.M., Waalkes, M.P., 2002. 
Inorganic arsenite-induced malignant transformation of human prostate epithelial 
cells. Journal of the National Cancer Institute 94, 1888-1891. 

Amstad, P., Reddel, R.R., Pfeifer, A., Malan-Shibley, L., Mark, G.E., 3rd, Harris, C.C., 
1988. Neoplastic transformation of a human bronchial epithelial cell line by a 
recombinant retrovirus encoding viral Harvey ras. Molecular carcinogenesis 1, 
151-160. 

Amster, E.D., Cho, J.I., Christiani, D., 2011. Urine arsenic concentration and obstructive 
pulmonary disease in the U.S. population. J Toxicol Environ Health A 74, 716-
727. 

Anderberg, C., Cunha, S.I., Zhai, Z., Cortez, E., Pardali, E., Johnson, J.R., Franco, M., 
Paez-Ribes, M., Cordiner, R., Fuxe, J., Johansson, B.R., Goumans, M.J., 
Casanovas, O., ten Dijke, P., Arthur, H.M., Pietras, K., 2013. Deficiency for 
endoglin in tumor vasculature weakens the endothelial barrier to metastatic 
dissemination. The Journal of experimental medicine 210, 563-579. 

Anderson, V.E., Weiss, P.M., Cleland, W.W., 1984. Reaction intermediate analogues for 
enolase. Biochemistry 23, 2779-2786. 

Andrew, A.S., Burgess, J.L., Meza, M.M., Demidenko, E., Waugh, M.G., Hamilton, 
J.W., Karagas, M.R., 2006a. Arsenic exposure is associated with decreased DNA 
repair in vitro and in individuals exposed to drinking water arsenic. Environ 
Health Perspect 114, 1193-1198. 

Andrew, A.S., Burgess, J.L., Meza, M.M., Demidenko, E., Waugh, M.G., Hamilton, 
J.W., Karagas, M.R., 2006b. Arsenic exposure is associated with decreased DNA 
repair in vitro and in individuals exposed to drinking water arsenic. Environ 
Health Perspect 114, 1193-1198. 

Andrew, A.S., Karagas, M.R., Hamilton, J.W., 2003. Decreased DNA repair gene 
expression among individuals exposed to arsenic in United States drinking water. 
International journal of cancer. Journal international du cancer 104, 263-268. 

Anwar-Mohamed, A., Elshenawy, O.H., Soshilov, A.A., Denison, M.S., Chris Le, X., 
Klotz, L.O., El-Kadi, A.O., 2014. Methylated pentavalent arsenic metabolites are 
bifunctional inducers, as they induce cytochrome P450 1A1 and 
NAD(P)H:quinone oxidoreductase through AhR- and Nrf2-dependent 
mechanisms. Free radical biology & medicine 67, 171-187. 



198 
 

Aposhian, H.V., 1989. Biochemical toxicology of arsenic. Reviews in biochemical 
toxicology 10, 265-299. 

Aposhian, H.V., Zakharyan, R.A., Avram, M.D., Sampayo-Reyes, A., Wollenberg, M.L., 
2004. A review of the enzymology of arsenic metabolism and a new potential role 
of hydrogen peroxide in the detoxication of the trivalent arsenic species. Toxicol 
Appl Pharmacol 198, 327-335. 

Argos, M., Kalra, T., Rathouz, P.J., Chen, Y., Pierce, B., Parvez, F., Islam, T., Ahmed, 
A., Rakibuz-Zaman, M., Hasan, R., Sarwar, G., Slavkovich, V., van Geen, A., 
Graziano, J., Ahsan, H., 2010. Arsenic exposure from drinking water, and all-
cause and chronic-disease mortalities in Bangladesh (HEALS): a prospective 
cohort study. Lancet 376, 252-258. 

Bader, A.G., Kang, S., Zhao, L., Vogt, P.K., 2005. Oncogenic PI3K deregulates 
transcription and translation. Nature reviews. Cancer 5, 921-929. 

Bae, S.H., Jeong, J.W., Park, J.A., Kim, S.H., Bae, M.K., Choi, S.J., Kim, K.W., 2004. 
Sumoylation increases HIF-1alpha stability and its transcriptional activity. 
Biochemical and biophysical research communications 324, 394-400. 

Baumann, K., 2013. Stem cells: A metabolic switch. Nat Rev Mol Cell Biol 14, 64-65. 
Bell, G.I., Kayano, T., Buse, J.B., Burant, C.F., Takeda, J., Lin, D., Fukumoto, H., Seino, 

S., 1990. Molecular biology of mammalian glucose transporters. Diabetes care 13, 
198-208. 

Benita, Y., Kikuchi, H., Smith, A.D., Zhang, M.Q., Chung, D.C., Xavier, R.J., 2009. An 
integrative genomics approach identifies Hypoxia Inducible Factor-1 (HIF-1)-
target genes that form the core response to hypoxia. Nucleic acids research 37, 
4587-4602. 

Bingham, P.M., Zachar, Z., 2012. The Pyruvate Dehydrogenase Complex in Cancer: 
Implications for the Transformed State and Cancer Chemotherapy, 
Dehydrogenase. INTECH, pp. 

Bolla-Wilson, K., Bleecker, M.L., 1987. Neuropsychological impairment following 
inorganic arsenic exposure. Journal of occupational medicine. : official 
publication of the Industrial Medical Association 29, 500-503. 

Bolt, A.M., Byrd, R.M., Klimecki, W.T., 2010a. Autophagy is the predominant process 
induced by arsenite in human lymphoblastoid cell lines. Toxicol Appl Pharmacol 
244, 366-373. 

Bolt, A.M., Douglas, R.M., Klimecki, W.T., 2010b. Arsenite exposure in human 
lymphoblastoid cell lines induces autophagy and coordinated induction of 
lysosomal genes. Toxicol Lett 199, 153-159. 



199 
 

Bolt and Zhao, A.M., Zhao, F., Pacheco, S., Klimecki, W.T., 2012. Arsenite-induced 
autophagy is associated with proteotoxicity in human lymphoblastoid cells. 
Toxicol Appl Pharmacol 264, 255-261. 

Boquist, L., Ericsson, I., 1986. Inhibition by streptozotocin of the activity of succinyl-
CoA synthetase in vitro and in vivo. FEBS letters 196, 341-343. 

Bredfeldt, T.G., Jagadish, B., Eblin, K.E., Mash, E.A., Gandolfi, A.J., 2006a. 
Monomethylarsonous acid induces transformation of human bladder cells. 
Toxicol Appl Pharmacol 216, 69-79. 

Bredfeldt, T.G., Jagadish, B., Eblin, K.E., Mash, E.A., Gandolfi, A.J., 2006b. 
Monomethylarsonous acid induces transformation of human bladder cells. 
Toxicol Appl Pharmacol 216, 69-79. 

Bricker, D.K., Taylor, E.B., Schell, J.C., Orsak, T., Boutron, A., Chen, Y.C., Cox, J.E., 
Cardon, C.M., Van Vranken, J.G., Dephoure, N., Redin, C., Boudina, S., Gygi, 
S.P., Brivet, M., Thummel, C.S., Rutter, J., 2012. A mitochondrial pyruvate 
carrier required for pyruvate uptake in yeast, Drosophila, and humans. Science 
337, 96-100. 

Brown, K.G., Ross, G.L., American Council on, S., Health, 2002. Arsenic, drinking 
water, and health: a position paper of the American Council on Science and 
Health. Regulatory toxicology and pharmacology : RTP 36, 162-174. 

Brown, W.H., Pearce, L., 1921. Superinfection in Experimental Syphilis Following the 
Administration of Subcurative Doses of Arsphenamine or Neoarsphenamine. The 
Journal of experimental medicine 33, 553-567. 

Burk, D., Schade, A.L., et al., 1946. Cobalt inhibition of tissue respiration, glycolysis, 
and growth. Federation proceedings 5, 126. 

Burns, L.A., Sikorski, E.E., Saady, J.J., Munson, A.E., 1991. Evidence for arsenic as the 
immunosuppressive component of gallium arsenide. Toxicol Appl Pharmacol 
110, 157-169. 

Cai, J., Jiang, W.G., Ahmed, A., Boulton, M., 2006. Vascular endothelial growth factor-
induced endothelial cell proliferation is regulated by interaction between VEGFR-
2, SH-PTP1 and eNOS. Microvascular research 71, 20-31. 

Carpenter, R.L., Jiang, Y., Jing, Y., He, J., Rojanasakul, Y., Liu, L.Z., Jiang, B.H., 2011. 
Arsenite induces cell transformation by reactive oxygen species, AKT, ERK1/2, 
and p70S6K1. Biochemical and biophysical research communications 414, 533-
538. 

Carroll, V.A., Ashcroft, M., 2005. Targeting the molecular basis for tumour hypoxia. 
Expert Reviews in Molecular Medicine 7, 1-16. 

Cha, Y., Park, D.W., Lee, C.H., Baek, S.H., Kim, S.Y., Kim, J.R., Kim, J.H., 2006. 
Arsenic trioxide induces apoptosis in human colorectal adenocarcinoma HT-29 



200 
 

cells through ROS. Cancer research and treatment : official journal of Korean 
Cancer Association 38, 54-60. 

Chachami, G., Paraskeva, E., Mingot, J.M., Braliou, G.G., Gorlich, D., Simos, G., 2009. 
Transport of hypoxia-inducible factor HIF-1alpha into the nucleus involves 
importins 4 and 7. Biochemical and biophysical research communications 390, 
235-240. 

Chaw, S.Y., Majeed, A.A., Dalley, A.J., Chan, A., Stein, S., Farah, C.S., 2012. Epithelial 
to mesenchymal transition (EMT) biomarkers--E-cadherin, beta-catenin, APC and 
Vimentin--in oral squamous cell carcinogenesis and transformation. Oral 
oncology 48, 997-1006. 

Chen, C.-J., Tsung-Li, K., Wu, M.-M., 1988a. ARSENIC AND CANCERS. The Lancet 
331, 414-415. 

Chen, C.J., Chen, C.W., Wu, M.M., Kuo, T.L., 1992. Cancer potential in liver, lung, 
bladder and kidney due to ingested inorganic arsenic in drinking water. Br J 
Cancer 66, 888-892. 

Chen, C.J., Kuo, T.L., Wu, M.M., 1988b. Arsenic and cancers. Lancet 1, 414-415. 
Chen, C.L., Chiou, H.Y., Hsu, L.I., Hsueh, Y.M., Wu, M.M., Wang, Y.H., Chen, C.J., 

2010. Arsenic in drinking water and risk of urinary tract cancer: a follow-up study 
from northeastern Taiwan. Cancer Epidemiol Biomarkers Prev 19, 101-110. 

Chen, H., Costa, M., 2006. Effect of soluble nickel on cellular energy metabolism in 
A549 cells. Experimental biology and medicine 231, 1474-1480. 

Chowdhury, R., Chatterjee, R., Giri, A.K., Mandal, C., Chaudhuri, K., 2010. Arsenic-
induced cell proliferation is associated with enhanced ROS generation, Erk 
signaling and CyclinA expression. Toxicol Lett 198, 263-271. 

Chowdhury, R., Chowdhury, S., Roychoudhury, P., Mandal, C., Chaudhuri, K., 2009. 
Arsenic induced apoptosis in malignant melanoma cells is enhanced by 
menadione through ROS generation, p38 signaling and p53 activation. Apoptosis 
: an international journal on programmed cell death 14, 108-123. 

Christoforidou, E.P., Riza, E., Kales, S.N., Hadjistavrou, K., Stoltidi, M., Kastania, A.N., 
Linos, A., 2013. Bladder cancer and arsenic through drinking water: a systematic 
review of epidemiologic evidence. Journal of environmental science and health. 
Part A, Toxic/hazardous substances & environmental engineering 48, 1764-1775. 

Contractor, T., Harris, C.R., 2012. p53 negatively regulates transcription of the pyruvate 
dehydrogenase kinase Pdk2. Cancer Res 72, 560-567. 

Cook, K.M., Figg, W.D., 2010. Angiogenesis inhibitors: current strategies and future 
prospects. CA: a cancer journal for clinicians 60, 222-243. 

Dabeka, R.W., McKenzie, A.D., Lacroix, G.M., Cleroux, C., Bowe, S., Graham, R.A., 
Conacher, H.B., Verdier, P., 1993. Survey of arsenic in total diet food composites 



201 
 

and estimation of the dietary intake of arsenic by Canadian adults and children. 
Journal of AOAC International 76, 14-25. 

Datta, D.V., Mitra, S.K., Chhuttani, P.N., Chakravarti, R.N., 1979. Chronic oral arsenic 
intoxication as a possible aetiological factor in idiopathic portal hypertension 
(non-cirrhotic portal fibrosis) in India. Gut 20, 378-384. 

de Oliveira Ribeiro, C.A., Nathalie, M.D., Gonzalez, P., Yannick, D., Jean-Paul, B., 
Boudou, A., Massabuau, J.C., 2008. Effects of dietary methylmercury on 
zebrafish skeletal muscle fibres. Environmental toxicology and pharmacology 25, 
304-309. 

Derecka, K., Blythe, M.J., Malla, S., Genereux, D.P., Guffanti, A., Pavan, P., Moles, A., 
Snart, C., Ryder, T., Ortori, C.A., Barrett, D.A., Schuster, E., Stoger, R., 2013. 
Transient exposure to low levels of insecticide affects metabolic networks of 
honeybee larvae. PLoS One 8, e68191. 

Dervisevic, I., Minic, D., Kamberovic, Z., Cosovic, V., Ristic, M., 2013. Characterization 
of PCBs from computers and mobile phones, and the proposal of newly 
developed materials for substitution of gold, lead and arsenic. Environmental 
science and pollution research international 20, 4278-4292. 

Deter, R.L., Baudhuin, P., De Duve, C., 1967. Participation of lysosomes in cellular 
autophagy induced in rat liver by glucagon. J Cell Biol 35, C11-16. 

Dillon, M., 2008. A role for squamous metaplasia in COPD airway obstruction. Thorax 
63, 258. 

Ding, J., He, G., Gong, W., Wen, W., Sun, W., Ning, B., Huang, S., Wu, K., Huang, C., 
Wu, M., Xie, W., Wang, H., 2009. Effects of nickel on cyclin expression, cell 
cycle progression and cell proliferation in human pulmonary cells. Cancer 
epidemiology, biomarkers & prevention : a publication of the American 
Association for Cancer Research, cosponsored by the American Society of 
Preventive Oncology 18, 1720-1729. 

Ding, W., Hudson, L.G., Liu, K.J., 2005. Inorganic arsenic compounds cause oxidative 
damage to DNA and protein by inducing ROS and RNS generation in human 
keratinocytes. Molecular and cellular biochemistry 279, 105-112. 

Drobna, Z., Jaspers, I., Thomas, D.J., Styblo, M., 2003. Differential activation of AP-1 in 
human bladder epithelial cells by inorganic and methylated arsenicals. Faseb J 17, 
67-69. 

Dulak, J., Jozkowicz, A., Foresti, R., Kasza, A., Frick, M., Huk, I., Green, C.J., 
Pachinger, O., Weidinger, F., Motterlini, R., 2002. Heme oxygenase activity 
modulates vascular endothelial growth factor synthesis in vascular smooth muscle 
cells. Antioxidants & redox signaling 4, 229-240. 



202 
 

Eblin, K.E., Bowen, M.E., Cromey, D.W., Bredfeldt, T.G., Mash, E.A., Lau, S.S., 
Gandolfi, A.J., 2006. Arsenite and monomethylarsonous acid generate oxidative 
stress response in human bladder cell culture. Toxicol Appl Pharmacol 217, 7-14. 

Eblin, K.E., Jensen, T.J., Wnek, S.M., Buffington, S.E., Futscher, B.W., Gandolfi, A.J., 
2009. Reactive oxygen species regulate properties of transformation in UROtsa 
cells exposed to monomethylarsonous acid by modulating MAPK signaling. 
Toxicology 255, 107-114. 

Echaniz-Laguna, A., Benoilid, A., Vinzio, S., Fornecker, L.M., Lannes, B., Goulle, J.P., 
Broly, F., Mousson de Camaret, B., 2012. Mitochondrial myopathy caused by 
arsenic trioxide therapy. Blood 119, 4272-4274. 

Eguchi, H., Ikuta, T., Tachibana, T., Yoneda, Y., Kawajiri, K., 1997. A nuclear 
localization signal of human aryl hydrocarbon receptor nuclear 
translocator/hypoxia-inducible factor 1beta is a novel bipartite type recognized by 
the two components of nuclear pore-targeting complex. J Biol Chem 272, 17640-
17647. 

EPA, U., 2012. Chromated Copper Arsenate (CCA):  
Evaluating the Wood Preservative Chromated Copper Arsenate (CCA). United States 

Environmental Protection Agency. 
EPA, U.S., 2006. Arsenic in Drinking Water. In U.S. Environmental Protection Agency, 

S.o.A.i.D.W., Committee on Toxicology, Board on Environmental Studies and 
Toxicology, Commission on Life Sciences, National Research Council., (Ed.), 
Washington D.C., pp. 

Escudero-Lourdes, C., Wu, T., Camarillo, J.M., Gandolfi, A.J., 2012. Interleukin-8 (IL-8) 
over-production and autocrine cell activation are key factors in 
monomethylarsonous acid [MMA(III)]-induced malignant transformation of 
urothelial cells. Toxicol Appl Pharmacol 258, 10-18. 

Fernandez, M.I., Lopez, J.F., Vivaldi, B., Coz, F., 2012. Long-term impact of arsenic in 
drinking water on bladder cancer health care and mortality rates 20 years after end 
of exposure. J Urol 187, 856-861. 

Ferreira, M.A., Barros, A.A., 2002. Determination of As(III) and arsenic(V) in natural 
waters by cathodic stripping voltammetry at a hanging mercury drop electrode. 
Analytica Chimica Acta 459, 151-159. 

Festa, M., Colonna, A., Pietropaolo, C., Ruffo, A., 2000. Oxalomalate, a competitive 
inhibitor of aconitase, modulates the RNA-binding activity of iron-regulatory 
proteins. Biochem J 348 Pt 2, 315-320. 

Flanagan, S.V., Johnston, R.B., Zheng, Y., 2012. Arsenic in tube well water in 
Bangladesh: health and economic impacts and implications for arsenic mitigation. 
Bull World Health Organ 90, 839-846. 



203 
 

Fukazawa, H., Mizuno, S., Uehara, Y., 1995. A microplate assay for quantitation of 
anchorage-independent growth of transformed cells. Anal Biochem 228, 83-90. 

Ganapathy, S., Xiao, S., Yang, M., Qi, M., Choi, D.E., Ha, C.S., Little, J.B., Yuan, Z.M., 
2014. A low-dose arsenic induced p53-mediated metabolic mechanism of 
radiotherapy protection. J Biol Chem. 

Garcia-Canton, C., Minet, E., Anadon, A., Meredith, C., 2013. Metabolic characterization 
of cell systems used in in vitro toxicology testing: lung cell system BEAS-2B as a 
working example. Toxicology in vitro : an international journal published in 
association with BIBRA 27, 1719-1727. 

Gilbert-Diamond, D., Cottingham, K.L., Gruber, J.F., Punshon, T., Sayarath, V., 
Gandolfi, A.J., Baker, E.R., Jackson, B.P., Folt, C.L., Karagas, M.R., 2011. Rice 
consumption contributes to arsenic exposure in US women. Proc Natl Acad Sci U 
S A 108, 20656-20660. 

Gillet, J.P., Gottesman, M.M., 2010. Mechanisms of multidrug resistance in cancer. 
Methods in molecular biology 596, 47-76. 

Ginouves, A., Ilc, K., Macias, N., Pouyssegur, J., Berra, E., 2008. PHDs overactivation 
during chronic hypoxia "desensitizes" HIFalpha and protects cells from necrosis. 
Proceedings of the National Academy of Sciences of the United States of America 
105, 4745-4750. 

Goering, P.L., Aposhian, H.V., Mass, M.J., Cebrian, M., Beck, B.D., Waalkes, M.P., 
1999. The enigma of arsenic carcinogenesis: role of metabolism. Toxicol Sci 49, 
5-14. 

Gohil, V.M., Sheth, S.A., Nilsson, R., Wojtovich, A.P., Lee, J.H., Perocchi, F., Chen, W., 
Clish, C.B., Ayata, C., Brookes, P.S., Mootha, V.K., 2010. Nutrient-sensitized 
screening for drugs that shift energy metabolism from mitochondrial respiration to 
glycolysis. Nature biotechnology 28, 249-255. 

Gohil, V.M., Zhu, L., Baker, C.D., Cracan, V., Yaseen, A., Jain, M., Clish, C.B., 
Brookes, P.S., Bakovic, M., Mootha, V.K., 2013. Meclizine inhibits 
mitochondrial respiration through direct targeting of cytosolic 
phosphoethanolamine metabolism. J Biol Chem 288, 35387-35395. 

Golenser, J., Waknine, J.H., Krugliak, M., Hunt, N.H., Grau, G.E., 2006. Current 
perspectives on the mechanism of action of artemisinins. International journal for 
parasitology 36, 1427-1441. 

Gomez-Rubio, P., Klimentidis, Y.C., Cantu-Soto, E., Meza-Montenegro, M.M., 
Billheimer, D., Lu, Z., Chen, Z., Klimecki, W.T., 2012. Indigenous American 
ancestry is associated with arsenic methylation efficiency in an admixed 
population of northwest Mexico. J Toxicol Environ Health A 75, 36-49. 



204 
 

Gomez-Rubio, P., Meza-Montenegro, M.M., Cantu-Soto, E., Klimecki, W.T., 2010. 
Genetic association between intronic variants in AS3MT and arsenic methylation 
efficiency is focused on a large linkage disequilibrium cluster in chromosome 10. 
Journal of applied toxicology : JAT 30, 260-270. 

Gomez-Rubio, P., Roberge, J., Arendell, L., Harris, R.B., O'Rourke, M.K., Chen, Z., 
Cantu-Soto, E., Meza-Montenegro, M.M., Billheimer, D., Lu, Z., Klimecki, W.T., 
2011. Association between body mass index and arsenic methylation efficiency in 
adult women from southwest U.S. and northwest Mexico. Toxicol Appl 
Pharmacol 252, 176-182. 

Gordan, J.D., Simon, M.C., 2007. Hypoxia-inducible factors: central regulators of the 
tumor phenotype. Current opinion in genetics & development 17, 71-77. 

Govaere, O., Komuta, M., Berkers, J., Spee, B., Janssen, C., de Luca, F., Katoonizadeh, 
A., Wouters, J., van Kempen, L.C., Durnez, A., Verslype, C., De Kock, J., 
Rogiers, V., van Grunsven, L.A., Topal, B., Pirenne, J., Vankelecom, H., Nevens, 
F., van den Oord, J., Pinzani, M., Roskams, T., 2014. Keratin 19: a key role 
player in the invasion of human hepatocellular carcinomas. Gut 63, 674-685. 

Gudi, R., Bowker-Kinley, M.M., Kedishvili, N.Y., Zhao, Y., Popov, K.M., 1995. 
Diversity of the pyruvate dehydrogenase kinase gene family in humans. J Biol 
Chem 270, 28989-28994. 

Guilbert, L.J., Iscove, N.N., 1976. Partial replacement of serum by selenite, transferrin, 
albumin and lecithin in haemopoietic cell cultures. Nature 263, 594-595. 

Gunderson, E.L., 1995. FDA Total Diet Study, July 1986-April 1991, dietary intakes of 
pesticides, selected elements, and other chemicals. Journal of AOAC International 
78, 1353-1363. 

Guo, J.Y., Chen, H.Y., Mathew, R., Fan, J., Strohecker, A.M., Karsli-Uzunbas, G., 
Kamphorst, J.J., Chen, G., Lemons, J.M., Karantza, V., Coller, H.A., Dipaola, 
R.S., Gelinas, C., Rabinowitz, J.D., White, E., 2011. Activated Ras requires 
autophagy to maintain oxidative metabolism and tumorigenesis. Genes Dev 25, 
460-470. 

Guo, X., Fujino, Y., Kaneko, S., Wu, K., Xia, Y., Yoshimura, T., 2001. Arsenic 
contamination of groundwater and prevalence of arsenical dermatosis in the Hetao 
plain area, Inner Mongolia, China. Molecular and cellular biochemistry 222, 137-
140. 

Hamaguchi, T., Iizuka, N., Tsunedomi, R., Hamamoto, Y., Miyamoto, T., Iida, M., 
Tokuhisa, Y., Sakamoto, K., Takashima, M., Tamesa, T., Oka, M., 2008. 
Glycolysis module activated by hypoxia-inducible factor 1alpha is related to the 
aggressive phenotype of hepatocellular carcinoma. Int J Oncol 33, 725-731. 



205 
 

Hamann, S., la Cour, M., Lui, G.M., Bundgaard, M., Zeuthen, T., 2000. Transport of 
protons and lactate in cultured human fetal retinal pigment epithelial cells. 
Pflugers Archiv : European journal of physiology 440, 84-92. 

Han, Y.H., Kim, S.H., Kim, S.Z., Park, W.H., 2008. Apoptosis in arsenic trioxide-treated 
Calu-6 lung cells is correlated with the depletion of GSH levels rather than the 
changes of ROS levels. Journal of cellular biochemistry 104, 862-878. 

Han, Y.H., Moon, H.J., You, B.R., Kim, S.Z., Kim, S.H., Park, W.H., 2009. The effect of 
MAPK inhibitors on arsenic trioxide-treated Calu-6 lung cells in relation to cell 
death, ROS and GSH levels. Anticancer research 29, 3837-3844. 

Hanada, T., Noda, N.N., Satomi, Y., Ichimura, Y., Fujioka, Y., Takao, T., Inagaki, F., 
Ohsumi, Y., 2007. The Atg12-Atg5 conjugate has a novel E3-like activity for 
protein lipidation in autophagy. J Biol Chem 282, 37298-37302. 

Haque, R., Mazumder, D.N., Samanta, S., Ghosh, N., Kalman, D., Smith, M.M., Mitra, 
S., Santra, A., Lahiri, S., Das, S., De, B.K., Smith, A.H., 2003. Arsenic in 
drinking water and skin lesions: dose-response data from West Bengal, India. 
Epidemiology 14, 174-182. 

He, J., Qian, X., Carpenter, R., Xu, Q., Wang, L., Qi, Y., Wang, Z.X., Liu, L.Z., Jiang, 
B.H., 2013. Repression of miR-143 mediates Cr (VI)-induced tumor angiogenesis 
via IGF-IR/IRS1/ERK/IL-8 pathway. Toxicological sciences : an official journal 
of the Society of Toxicology 134, 26-38. 

He, J., Wang, M., Jiang, Y., Chen, Q., Xu, S., Xu, Q., Jiang, B.H., Liu, L.Z., 2014. 
Chronic Arsenic Exposure and Angiogenesis in Human Bronchial Epithelial Cells 
via the ROS/miR-199a-5p/HIF-1alpha/COX-2 Pathway. Environ Health Perspect. 

He, Q., Gao, Z., Yin, J., Zhang, J., Yun, Z., Ye, J., 2011. Regulation of HIF-1{alpha} 
activity in adipose tissue by obesity-associated factors: adipogenesis, insulin, and 
hypoxia. American journal of physiology. Endocrinology and metabolism 300, 
E877-885. 

Hewitson, K.S., McNeill, L.A., Riordan, M.V., Tian, Y.M., Bullock, A.N., Welford, 
R.W., Elkins, J.M., Oldham, N.J., Bhattacharya, S., Gleadle, J.M., Ratcliffe, P.J., 
Pugh, C.W., Schofield, C.J., 2002. Hypoxia-inducible factor (HIF) asparagine 
hydroxylase is identical to factor inhibiting HIF (FIH) and is related to the cupin 
structural family. J Biol Chem 277, 26351-26355. 

Heyman, A., Pfeiffer, J.B., Jr., Willett, R.W., Taylor, H.M., 1956. Peripheral neuropathy 
caused by arsenical intoxication; a study of 41 cases with observations on the 
effects of BAL (2, 3, dimercapto-propanol). The New England journal of 
medicine 254, 401-409. 

Heynick, F., 2009. The original 'magic bullet' is 100 years old - extra. The British journal 
of psychiatry : the journal of mental science 195, 456. 



206 
 

Ho, S.Y., Chen, W.C., Chiu, H.W., Lai, C.S., Guo, H.R., Wang, Y.J., 2009. Combination 
treatment with arsenic trioxide and irradiation enhances apoptotic effects in U937 
cells through increased mitotic arrest and ROS generation. Chem Biol Interact 
179, 304-313. 

Ho, S.Y., Wu, W.J., Chiu, H.W., Chen, Y.A., Ho, Y.S., Guo, H.R., Wang, Y.J., 2011. 
Arsenic trioxide and radiation enhance apoptotic effects in HL-60 cells through 
increased ROS generation and regulation of JNK and p38 MAPK signaling 
pathways. Chem Biol Interact 193, 162-171. 

Hong, S.S., Lee, H., Kim, K.W., 2004. HIF-1alpha: a valid therapeutic target for tumor 
therapy. Cancer research and treatment : official journal of Korean Cancer 
Association 36, 343-353. 

Hossain, M.B., Vahter, M., Concha, G., Broberg, K., 2012. Environmental arsenic 
exposure and DNA methylation of the tumor suppressor gene p16 and the DNA 
repair gene MLH1: effect of arsenic metabolism and genotype. Metallomics : 
integrated biometal science 4, 1167-1175. 

Hou, Y., Xue, P., Woods, C.G., Wang, X., Fu, J., Yarborough, K., Qu, W., Zhang, Q., 
Andersen, M.E., Pi, J., 2013. Association between arsenic suppression of 
adipogenesis and induction of CHOP10 via the endoplasmic reticulum stress 
response. Environ Health Perspect 121, 237-243. 

Hsu, L.I., Chen, G.S., Lee, C.H., Yang, T.Y., Chen, Y.H., Wang, Y.H., Hsueh, Y.M., 
Chiou, H.Y., Wu, M.M., Chen, C.J., 2013. Use of arsenic-induced palmoplantar 
hyperkeratosis and skin cancers to predict risk of subsequent internal malignancy. 
Am J Epidemiol 177, 202-212. 

Hu, C.J., Wang, L.Y., Chodosh, L.A., Keith, B., Simon, M.C., 2003. Differential roles of 
hypoxia-inducible factor 1alpha (HIF-1alpha) and HIF-2alpha in hypoxic gene 
regulation. Molecular and cellular biology 23, 9361-9374. 

Huang, C., Ma, W.Y., Li, J., Dong, Z., 1999. Arsenic induces apoptosis through a c-Jun 
NH2-terminal kinase-dependent, p53-independent pathway. Cancer Res 59, 3053-
3058. 

Huang, L., Yao, L., He, Z., Zhou, C., Li, G., Yang, B., Deng, X., 2014. Roxarsone and its 
metabolites in chicken manure significantly enhance the uptake of As species by 
vegetables. Chemosphere 100, 57-62. 

Hughes, M.F., Beck, B.D., Chen, Y., Lewis, A.S., Thomas, D.J., 2011. Arsenic exposure 
and toxicology: a historical perspective. Toxicol Sci 123, 305-332. 

Hysong, T.A., Burgess, J.L., Cebrian Garcia, M.E., O'Rourke, M.K., 2003. House dust 
and inorganic urinary arsenic in two Arizona mining towns. Journal of exposure 
analysis and environmental epidemiology 13, 211-218. 



207 
 

Ikuta, T., Eguchi, H., Tachibana, T., Yoneda, Y., Kawajiri, K., 1998. Nuclear localization 
and export signals of the human aryl hydrocarbon receptor. J Biol Chem 273, 
2895-2904. 

Iscove, N.N., Melchers, F., 1978. Complete replacement of serum by albumin, 
transferrin, and soybean lipid in cultures of lipopolysaccharide-reactive B 
lymphocytes. The Journal of experimental medicine 147, 923-933. 

Jaboin, J.J., Hwang, M., Lu, B., 2009. Autophagy in lung cancer. Methods Enzymol 453, 
287-304. 

Jankowski, J., Newham, P., Kandemir, O., Hirano, S., Takeichi, M., Pignatelli, M., 1994. 
Differential expression of e-cadherin in normal, metaplastic and dysplastic 
esophageal mucosa - a putative biomarker. Int J Oncol 4, 441-448. 

Jean, J.C., Rich, C.B., Joyce-Brady, M., 2006. Hypoxia results in an HIF-1-dependent 
induction of brain-specific aldolase C in lung epithelial cells. Am J Physiol Lung 
Cell Mol Physiol 291, L950-956. 

Jeitner, T.M., Xu, H., Gibson, G.E., 2005. Inhibition of the alpha-ketoglutarate 
dehydrogenase complex by the myeloperoxidase products, hypochlorous acid and 
mono-N-chloramine. Journal of neurochemistry 92, 302-310. 

Jeong, J.W., Bae, M.K., Ahn, M.Y., Kim, S.H., Sohn, T.K., Bae, M.H., Yoo, M.A., Song, 
E.J., Lee, K.J., Kim, K.W., 2002. Regulation and destabilization of HIF-1alpha by 
ARD1-mediated acetylation. Cell 111, 709-720. 

Ji, R., Chou, C.L., Xu, W., Chen, X.B., Woodward, D.F., Regan, J.W., 2010. EP1 
prostanoid receptor coupling to G i/o up-regulates the expression of hypoxia-
inducible factor-1 alpha through activation of a phosphoinositide-3 kinase 
signaling pathway. Mol Pharmacol 77, 1025-1036. 

Jiang, B.H., Rue, E., Wang, G.L., Roe, R., Semenza, G.L., 1996. Dimerization, DNA 
binding, and transactivation properties of hypoxia-inducible factor 1. J Biol Chem 
271, 17771-17778. 

Johnen, G., Rozynek, P., von der Gathen, Y., Bryk, O., Zdrenka, R., Johannes, C., 
Weber, D.G., Igwilo-Okuefuna, O.B., Raiko, I., Hippler, J., Bruning, T., Dopp, 
E., 2013. Cross-contamination of a UROtsa stock with T24 cells--molecular 
comparison of different cell lines and stocks. PLoS One 8, e64139. 

Kallio, P.J., Okamoto, K., O'Brien, S., Carrero, P., Makino, Y., Tanaka, H., Poellinger, 
L., 1998. Signal transduction in hypoxic cells: inducible nuclear translocation and 
recruitment of the CBP/p300 coactivator by the hypoxia-inducible factor-1alpha. 
The EMBO journal 17, 6573-6586. 

Karantza-Wadsworth, V., White, E., 2007. Role of autophagy in breast cancer. 
Autophagy 3, 610-613. 



208 
 

Katschinski, D.M., Le, L., Schindler, S.G., Thomas, T., Voss, A.K., Wenger, R.H., 2004. 
Interaction of the PAS B domain with HSP90 accelerates hypoxia-inducible 
factor-1alpha stabilization. Cellular physiology and biochemistry : international 
journal of experimental cellular physiology, biochemistry, and pharmacology 14, 
351-360. 

Katyare, S.S., Satav, J.G., 1989. Impaired mitochondrial oxidative energy metabolism 
following paracetamol-induced hepatotoxicity in the rat. British journal of 
pharmacology 96, 51-58. 

Ke, Q., Costa, M., 2006a. Hypoxia-inducible factor-1 (HIF-1). Mol Pharmacol 70, 1469-
1480. 

Ke, Q., Costa, M., 2006b. Hypoxia-inducible factor-1 (HIF-1). Mol Pharmacol 70, 1469-
1480. 

Ke, Y., Reddel, R.R., Gerwin, B.I., Miyashita, M., McMenamin, M., Lechner, J.F., 
Harris, C.C., 1988. Human bronchial epithelial cells with integrated SV40 virus T 
antigen genes retain the ability to undergo squamous differentiation. 
Differentiation; research in biological diversity 38, 60-66. 

Kelder, T., Pico, A.R., Hanspers, K., van Iersel, M.P., Evelo, C., Conklin, B.R., 2009. 
Mining biological pathways using WikiPathways web services. PLoS One 4, 
e6447. 

Kim, J.W., Tchernyshyov, I., Semenza, G.L., Dang, C.V., 2006. HIF-1-mediated 
expression of pyruvate dehydrogenase kinase: a metabolic switch required for 
cellular adaptation to hypoxia. Cell Metab 3, 177-185. 

Kim, M.J., Woo, S.J., Yoon, C.H., Lee, J.S., An, S., Choi, Y.H., Hwang, S.G., Yoon, G., 
Lee, S.J., 2011. Involvement of autophagy in oncogenic K-Ras-induced malignant 
cell transformation. J Biol Chem 286, 12924-12932. 

King, A., Selak, M.A., Gottlieb, E., 2006. Succinate dehydrogenase and fumarate 
hydratase: linking mitochondrial dysfunction and cancer. Oncogene 25, 4675-
4682. 

Klaassen, C.D., Casarett, L.J., Doull, J., 2001. Casarett and Doull's toxicology : the basic 
science of poisons, 6th ed. McGraw-Hill, Medical Publishing Division, New 
York. 

Klionsky, D.J., Abdalla, F.C., Abeliovich, H., Abraham, R.T., Acevedo-Arozena, A., 
Adeli, K., Agholme, L., Agnello, M., Agostinis, P., Aguirre-Ghiso, J.A., Ahn, 
H.J., Ait-Mohamed, O., Ait-Si-Ali, S., Akematsu, T., Akira, S., Al-Younes, H.M., 
Al-Zeer, M.A., Albert, M.L., Albin, R.L., Alegre-Abarrategui, J., Aleo, M.F., 
Alirezaei, M., Almasan, A., Almonte-Becerril, M., Amano, A., Amaravadi, R., 
Amarnath, S., Amer, A.O., Andrieu-Abadie, N., Anantharam, V., Ann, D.K., 
Anoopkumar-Dukie, S., Aoki, H., Apostolova, N., Arancia, G., Aris, J.P., 



209 
 

Asanuma, K., Asare, N.Y., Ashida, H., Askanas, V., Askew, D.S., Auberger, P., 
Baba, M., Backues, S.K., Baehrecke, E.H., Bahr, B.A., Bai, X.Y., Bailly, Y., 
Baiocchi, R., Baldini, G., Balduini, W., Ballabio, A., Bamber, B.A., Bampton, 
E.T., Banhegyi, G., Bartholomew, C.R., Bassham, D.C., Bast, R.C., Jr., Batoko, 
H., Bay, B.H., Beau, I., Bechet, D.M., Begley, T.J., Behl, C., Behrends, C., Bekri, 
S., Bellaire, B., Bendall, L.J., Benetti, L., Berliocchi, L., Bernardi, H., Bernassola, 
F., Besteiro, S., Bhatia-Kissova, I., Bi, X., Biard-Piechaczyk, M., Blum, J.S., 
Boise, L.H., Bonaldo, P., Boone, D.L., Bornhauser, B.C., Bortoluci, K.R., Bossis, 
I., Bost, F., Bourquin, J.P., Boya, P., Boyer-Guittaut, M., Bozhkov, P.V., Brady, 
N.R., Brancolini, C., Brech, A., Brenman, J.E., Brennand, A., Bresnick, E.H., 
Brest, P., Bridges, D., Bristol, M.L., Brookes, P.S., Brown, E.J., Brumell, J.H., 
Brunetti-Pierri, N., Brunk, U.T., Bulman, D.E., Bultman, S.J., Bultynck, G., 
Burbulla, L.F., Bursch, W., Butchar, J.P., Buzgariu, W., Bydlowski, S.P., 
Cadwell, K., Cahova, M., Cai, D., Cai, J., Cai, Q., Calabretta, B., Calvo-Garrido, 
J., Camougrand, N., Campanella, M., Campos-Salinas, J., Candi, E., Cao, L., 
Caplan, A.B., Carding, S.R., Cardoso, S.M., Carew, J.S., Carlin, C.R., Carmignac, 
V., Carneiro, L.A., Carra, S., Caruso, R.A., Casari, G., Casas, C., Castino, R., 
Cebollero, E., Cecconi, F., Celli, J., Chaachouay, H., Chae, H.J., Chai, C.Y., 
Chan, D.C., Chan, E.Y., Chang, R.C., Che, C.M., Chen, C.C., Chen, G.C., Chen, 
G.Q., Chen, M., Chen, Q., Chen, S.S., Chen, W., Chen, X., Chen, X., Chen, X., 
Chen, Y.G., Chen, Y., Chen, Y., Chen, Y.J., Chen, Z., Cheng, A., Cheng, C.H., 
Cheng, Y., Cheong, H., Cheong, J.H., Cherry, S., Chess-Williams, R., Cheung, 
Z.H., Chevet, E., Chiang, H.L., Chiarelli, R., Chiba, T., Chin, L.S., Chiou, S.H., 
Chisari, F.V., Cho, C.H., Cho, D.H., Choi, A.M., Choi, D., Choi, K.S., Choi, 
M.E., Chouaib, S., Choubey, D., Choubey, V., Chu, C.T., Chuang, T.H., Chueh, 
S.H., Chun, T., Chwae, Y.J., Chye, M.L., Ciarcia, R., Ciriolo, M.R., Clague, M.J., 
Clark, R.S., Clarke, P.G., Clarke, R., Codogno, P., Coller, H.A., Colombo, M.I., 
Comincini, S., Condello, M., Condorelli, F., Cookson, M.R., Coombs, G.H., 
Coppens, I., Corbalan, R., Cossart, P., Costelli, P., Costes, S., Coto-Montes, A., 
Couve, E., Coxon, F.P., Cregg, J.M., Crespo, J.L., Cronje, M.J., Cuervo, A.M., 
Cullen, J.J., Czaja, M.J., D'Amelio, M., Darfeuille-Michaud, A., Davids, L.M., 
Davies, F.E., De Felici, M., de Groot, J.F., de Haan, C.A., De Martino, L., De 
Milito, A., De Tata, V., Debnath, J., Degterev, A., Dehay, B., Delbridge, L.M., 
Demarchi, F., Deng, Y.Z., Dengjel, J., Dent, P., Denton, D., Deretic, V., Desai, 
S.D., Devenish, R.J., Di Gioacchino, M., Di Paolo, G., Di Pietro, C., Diaz-Araya, 
G., Diaz-Laviada, I., Diaz-Meco, M.T., Diaz-Nido, J., Dikic, I., Dinesh-Kumar, 
S.P., Ding, W.X., Distelhorst, C.W., Diwan, A., Djavaheri-Mergny, M., 
Dokudovskaya, S., Dong, Z., Dorsey, F.C., Dosenko, V., Dowling, J.J., Doxsey, 



210 
 

S., Dreux, M., Drew, M.E., Duan, Q., Duchosal, M.A., Duff, K., Dugail, I., 
Durbeej, M., Duszenko, M., Edelstein, C.L., Edinger, A.L., Egea, G., Eichinger, 
L., Eissa, N.T., Ekmekcioglu, S., El-Deiry, W.S., Elazar, Z., Elgendy, M., 
Ellerby, L.M., Eng, K.E., Engelbrecht, A.M., Engelender, S., Erenpreisa, J., 
Escalante, R., Esclatine, A., Eskelinen, E.L., Espert, L., Espina, V., Fan, H., Fan, 
J., Fan, Q.W., Fan, Z., Fang, S., Fang, Y., Fanto, M., Fanzani, A., Farkas, T., 
Farre, J.C., Faure, M., Fechheimer, M., Feng, C.G., Feng, J., Feng, Q., Feng, Y., 
Fesus, L., Feuer, R., Figueiredo-Pereira, M.E., Fimia, G.M., Fingar, D.C., 
Finkbeiner, S., Finkel, T., Finley, K.D., Fiorito, F., Fisher, E.A., Fisher, P.B., 
Flajolet, M., Florez-McClure, M.L., Florio, S., Fon, E.A., Fornai, F., Fortunato, 
F., Fotedar, R., Fowler, D.H., Fox, H.S., Franco, R., Frankel, L.B., Fransen, M., 
Fuentes, J.M., Fueyo, J., Fujii, J., Fujisaki, K., Fujita, E., Fukuda, M., Furukawa, 
R.H., Gaestel, M., Gailly, P., Gajewska, M., Galliot, B., Galy, V., Ganesh, S., 
Ganetzky, B., Ganley, I.G., Gao, F.B., Gao, G.F., Gao, J., Garcia, L., Garcia-
Manero, G., Garcia-Marcos, M., Garmyn, M., Gartel, A.L., Gatti, E., Gautel, M., 
Gawriluk, T.R., Gegg, M.E., Geng, J., Germain, M., Gestwicki, J.E., Gewirtz, 
D.A., Ghavami, S., Ghosh, P., Giammarioli, A.M., Giatromanolaki, A.N., Gibson, 
S.B., Gilkerson, R.W., Ginger, M.L., Ginsberg, H.N., Golab, J., Goligorsky, M.S., 
Golstein, P., Gomez-Manzano, C., Goncu, E., Gongora, C., Gonzalez, C.D., 
Gonzalez, R., Gonzalez-Estevez, C., Gonzalez-Polo, R.A., Gonzalez-Rey, E., 
Gorbunov, N.V., Gorski, S., Goruppi, S., Gottlieb, R.A., Gozuacik, D., Granato, 
G.E., Grant, G.D., Green, K.N., Gregorc, A., Gros, F., Grose, C., Grunt, T.W., 
Gual, P., Guan, J.L., Guan, K.L., Guichard, S.M., Gukovskaya, A.S., Gukovsky, 
I., Gunst, J., Gustafsson, A.B., Halayko, A.J., Hale, A.N., Halonen, S.K., 
Hamasaki, M., Han, F., Han, T., Hancock, M.K., Hansen, M., Harada, H., Harada, 
M., Hardt, S.E., Harper, J.W., Harris, A.L., Harris, J., Harris, S.D., Hashimoto, 
M., Haspel, J.A., Hayashi, S., Hazelhurst, L.A., He, C., He, Y.W., Hebert, M.J., 
Heidenreich, K.A., Helfrich, M.H., Helgason, G.V., Henske, E.P., Herman, B., 
Herman, P.K., Hetz, C., Hilfiker, S., Hill, J.A., Hocking, L.J., Hofman, P., 
Hofmann, T.G., Hohfeld, J., Holyoake, T.L., Hong, M.H., Hood, D.A., 
Hotamisligil, G.S., Houwerzijl, E.J., Hoyer-Hansen, M., Hu, B., Hu, C.A., Hu, 
H.M., Hua, Y., Huang, C., Huang, J., Huang, S., Huang, W.P., Huber, T.B., Huh, 
W.K., Hung, T.H., Hupp, T.R., Hur, G.M., Hurley, J.B., Hussain, S.N., Hussey, 
P.J., Hwang, J.J., Hwang, S., Ichihara, A., Ilkhanizadeh, S., Inoki, K., Into, T., 
Iovane, V., Iovanna, J.L., Ip, N.Y., Isaka, Y., Ishida, H., Isidoro, C., Isobe, K., 
Iwasaki, A., Izquierdo, M., Izumi, Y., Jaakkola, P.M., Jaattela, M., Jackson, G.R., 
Jackson, W.T., Janji, B., Jendrach, M., Jeon, J.H., Jeung, E.B., Jiang, H., Jiang, 
H., Jiang, J.X., Jiang, M., Jiang, Q., Jiang, X., Jiang, X., Jimenez, A., Jin, M., Jin, 



211 
 

S., Joe, C.O., Johansen, T., Johnson, D.E., Johnson, G.V., Jones, N.L., Joseph, B., 
Joseph, S.K., Joubert, A.M., Juhasz, G., Juillerat-Jeanneret, L., Jung, C.H., Jung, 
Y.K., Kaarniranta, K., Kaasik, A., Kabuta, T., Kadowaki, M., Kagedal, K., 
Kamada, Y., Kaminskyy, V.O., Kampinga, H.H., Kanamori, H., Kang, C., Kang, 
K.B., Kang, K.I., Kang, R., Kang, Y.A., Kanki, T., Kanneganti, T.D., Kanno, H., 
Kanthasamy, A.G., Kanthasamy, A., Karantza, V., Kaushal, G.P., Kaushik, S., 
Kawazoe, Y., Ke, P.Y., Kehrl, J.H., Kelekar, A., Kerkhoff, C., Kessel, D.H., 
Khalil, H., Kiel, J.A., Kiger, A.A., Kihara, A., Kim, D.R., Kim, D.H., Kim, D.H., 
Kim, E.K., Kim, H.R., Kim, J.S., Kim, J.H., Kim, J.C., Kim, J.K., Kim, P.K., 
Kim, S.W., Kim, Y.S., Kim, Y., Kimchi, A., Kimmelman, A.C., King, J.S., 
Kinsella, T.J., Kirkin, V., Kirshenbaum, L.A., Kitamoto, K., Kitazato, K., Klein, 
L., Klimecki, W.T., Klucken, J., Knecht, E., Ko, B.C., Koch, J.C., Koga, H., Koh, 
J.Y., Koh, Y.H., Koike, M., Komatsu, M., Kominami, E., Kong, H.J., Kong, W.J., 
Korolchuk, V.I., Kotake, Y., Koukourakis, M.I., Kouri Flores, J.B., Kovacs, A.L., 
Kraft, C., Krainc, D., Kramer, H., Kretz-Remy, C., Krichevsky, A.M., Kroemer, 
G., Kruger, R., Krut, O., Ktistakis, N.T., Kuan, C.Y., Kucharczyk, R., Kumar, A., 
Kumar, R., Kumar, S., Kundu, M., Kung, H.J., Kurz, T., Kwon, H.J., La Spada, 
A.R., Lafont, F., Lamark, T., Landry, J., Lane, J.D., Lapaquette, P., Laporte, J.F., 
Laszlo, L., Lavandero, S., Lavoie, J.N., Layfield, R., Lazo, P.A., Le, W., Le Cam, 
L., Ledbetter, D.J., Lee, A.J., Lee, B.W., Lee, G.M., Lee, J., Lee, J.H., Lee, M., 
Lee, M.S., Lee, S.H., Leeuwenburgh, C., Legembre, P., Legouis, R., Lehmann, 
M., Lei, H.Y., Lei, Q.Y., Leib, D.A., Leiro, J., Lemasters, J.J., Lemoine, A., 
Lesniak, M.S., Lev, D., Levenson, V.V., Levine, B., Levy, E., Li, F., Li, J.L., Li, 
L., Li, S., Li, W., Li, X.J., Li, Y.B., Li, Y.P., Liang, C., Liang, Q., Liao, Y.F., 
Liberski, P.P., Lieberman, A., Lim, H.J., Lim, K.L., Lim, K., Lin, C.F., Lin, F.C., 
Lin, J., Lin, J.D., Lin, K., Lin, W.W., Lin, W.C., Lin, Y.L., Linden, R., Lingor, P., 
Lippincott-Schwartz, J., Lisanti, M.P., Liton, P.B., Liu, B., Liu, C.F., Liu, K., Liu, 
L., Liu, Q.A., Liu, W., Liu, Y.C., Liu, Y., Lockshin, R.A., Lok, C.N., Lonial, S., 
Loos, B., Lopez-Berestein, G., Lopez-Otin, C., Lossi, L., Lotze, M.T., Low, P., 
Lu, B., Lu, B., Lu, B., Lu, Z., Luciano, F., Lukacs, N.W., Lund, A.H., Lynch-
Day, M.A., Ma, Y., Macian, F., MacKeigan, J.P., Macleod, K.F., Madeo, F., 
Maiuri, L., Maiuri, M.C., Malagoli, D., Malicdan, M.C., Malorni, W., Man, N., 
Mandelkow, E.M., Manon, S., Manov, I., Mao, K., Mao, X., Mao, Z., 
Marambaud, P., Marazziti, D., Marcel, Y.L., Marchbank, K., Marchetti, P., 
Marciniak, S.J., Marcondes, M., Mardi, M., Marfe, G., Marino, G., Markaki, M., 
Marten, M.R., Martin, S.J., Martinand-Mari, C., Martinet, W., Martinez-Vicente, 
M., Masini, M., Matarrese, P., Matsuo, S., Matteoni, R., Mayer, A., Mazure, 
N.M., McConkey, D.J., McConnell, M.J., McDermott, C., McDonald, C., 



212 
 

McInerney, G.M., McKenna, S.L., McLaughlin, B., McLean, P.J., McMaster, 
C.R., McQuibban, G.A., Meijer, A.J., Meisler, M.H., Melendez, A., Melia, T.J., 
Melino, G., Mena, M.A., Menendez, J.A., Menna-Barreto, R.F., Menon, M.B., 
Menzies, F.M., Mercer, C.A., Merighi, A., Merry, D.E., Meschini, S., Meyer, 
C.G., Meyer, T.F., Miao, C.Y., Miao, J.Y., Michels, P.A., Michiels, C., Mijaljica, 
D., Milojkovic, A., Minucci, S., Miracco, C., Miranti, C.K., Mitroulis, I., 
Miyazawa, K., Mizushima, N., Mograbi, B., Mohseni, S., Molero, X., Mollereau, 
B., Mollinedo, F., Momoi, T., Monastyrska, I., Monick, M.M., Monteiro, M.J., 
Moore, M.N., Mora, R., Moreau, K., Moreira, P.I., Moriyasu, Y., Moscat, J., 
Mostowy, S., Mottram, J.C., Motyl, T., Moussa, C.E., Muller, S., Muller, S., 
Munger, K., Munz, C., Murphy, L.O., Murphy, M.E., Musaro, A., Mysorekar, I., 
Nagata, E., Nagata, K., Nahimana, A., Nair, U., Nakagawa, T., Nakahira, K., 
Nakano, H., Nakatogawa, H., Nanjundan, M., Naqvi, N.I., Narendra, D.P., Narita, 
M., Navarro, M., Nawrocki, S.T., Nazarko, T.Y., Nemchenko, A., Netea, M.G., 
Neufeld, T.P., Ney, P.A., Nezis, I.P., Nguyen, H.P., Nie, D., Nishino, I., Nislow, 
C., Nixon, R.A., Noda, T., Noegel, A.A., Nogalska, A., Noguchi, S., Notterpek, 
L., Novak, I., Nozaki, T., Nukina, N., Nurnberger, T., Nyfeler, B., Obara, K., 
Oberley, T.D., Oddo, S., Ogawa, M., Ohashi, T., Okamoto, K., Oleinick, N.L., 
Oliver, F.J., Olsen, L.J., Olsson, S., Opota, O., Osborne, T.F., Ostrander, G.K., 
Otsu, K., Ou, J.H., Ouimet, M., Overholtzer, M., Ozpolat, B., Paganetti, P., 
Pagnini, U., Pallet, N., Palmer, G.E., Palumbo, C., Pan, T., Panaretakis, T., 
Pandey, U.B., Papackova, Z., Papassideri, I., Paris, I., Park, J., Park, O.K., Parys, 
J.B., Parzych, K.R., Patschan, S., Patterson, C., Pattingre, S., Pawelek, J.M., Peng, 
J., Perlmutter, D.H., Perrotta, I., Perry, G., Pervaiz, S., Peter, M., Peters, G.J., 
Petersen, M., Petrovski, G., Phang, J.M., Piacentini, M., Pierre, P., Pierrefite-
Carle, V., Pierron, G., Pinkas-Kramarski, R., Piras, A., Piri, N., Platanias, L.C., 
Poggeler, S., Poirot, M., Poletti, A., Pous, C., Pozuelo-Rubio, M., Praetorius-Ibba, 
M., Prasad, A., Prescott, M., Priault, M., Produit-Zengaffinen, N., Progulske-Fox, 
A., Proikas-Cezanne, T., Przedborski, S., Przyklenk, K., Puertollano, R., Puyal, J., 
Qian, S.B., Qin, L., Qin, Z.H., Quaggin, S.E., Raben, N., Rabinowich, H., Rabkin, 
S.W., Rahman, I., Rami, A., Ramm, G., Randall, G., Randow, F., Rao, V.A., 
Rathmell, J.C., Ravikumar, B., Ray, S.K., Reed, B.H., Reed, J.C., Reggiori, F., 
Regnier-Vigouroux, A., Reichert, A.S., Reiners, J.J., Jr., Reiter, R.J., Ren, J., 
Revuelta, J.L., Rhodes, C.J., Ritis, K., Rizzo, E., Robbins, J., Roberge, M., Roca, 
H., Roccheri, M.C., Rocchi, S., Rodemann, H.P., Rodriguez de Cordoba, S., 
Rohrer, B., Roninson, I.B., Rosen, K., Rost-Roszkowska, M.M., Rouis, M., 
Rouschop, K.M., Rovetta, F., Rubin, B.P., Rubinsztein, D.C., Ruckdeschel, K., 
Rucker, E.B., 3rd, Rudich, A., Rudolf, E., Ruiz-Opazo, N., Russo, R., Rusten, 



213 
 

T.E., Ryan, K.M., Ryter, S.W., Sabatini, D.M., Sadoshima, J., Saha, T., Saitoh, 
T., Sakagami, H., Sakai, Y., Salekdeh, G.H., Salomoni, P., Salvaterra, P.M., 
Salvesen, G., Salvioli, R., Sanchez, A.M., Sanchez-Alcazar, J.A., Sanchez-Prieto, 
R., Sandri, M., Sankar, U., Sansanwal, P., Santambrogio, L., Saran, S., Sarkar, S., 
Sarwal, M., Sasakawa, C., Sasnauskiene, A., Sass, M., Sato, K., Sato, M., 
Schapira, A.H., Scharl, M., Schatzl, H.M., Scheper, W., Schiaffino, S., Schneider, 
C., Schneider, M.E., Schneider-Stock, R., Schoenlein, P.V., Schorderet, D.F., 
Schuller, C., Schwartz, G.K., Scorrano, L., Sealy, L., Seglen, P.O., Segura-
Aguilar, J., Seiliez, I., Seleverstov, O., Sell, C., Seo, J.B., Separovic, D., Setaluri, 
V., Setoguchi, T., Settembre, C., Shacka, J.J., Shanmugam, M., Shapiro, I.M., 
Shaulian, E., Shaw, R.J., Shelhamer, J.H., Shen, H.M., Shen, W.C., Sheng, Z.H., 
Shi, Y., Shibuya, K., Shidoji, Y., Shieh, J.J., Shih, C.M., Shimada, Y., Shimizu, 
S., Shintani, T., Shirihai, O.S., Shore, G.C., Sibirny, A.A., Sidhu, S.B., Sikorska, 
B., Silva-Zacarin, E.C., Simmons, A., Simon, A.K., Simon, H.U., Simone, C., 
Simonsen, A., Sinclair, D.A., Singh, R., Sinha, D., Sinicrope, F.A., Sirko, A., Siu, 
P.M., Sivridis, E., Skop, V., Skulachev, V.P., Slack, R.S., Smaili, S.S., Smith, 
D.R., Soengas, M.S., Soldati, T., Song, X., Sood, A.K., Soong, T.W., Sotgia, F., 
Spector, S.A., Spies, C.D., Springer, W., Srinivasula, S.M., Stefanis, L., Steffan, 
J.S., Stendel, R., Stenmark, H., Stephanou, A., Stern, S.T., Sternberg, C., Stork, 
B., Stralfors, P., Subauste, C.S., Sui, X., Sulzer, D., Sun, J., Sun, S.Y., Sun, Z.J., 
Sung, J.J., Suzuki, K., Suzuki, T., Swanson, M.S., Swanton, C., Sweeney, S.T., 
Sy, L.K., Szabadkai, G., Tabas, I., Taegtmeyer, H., Tafani, M., Takacs-Vellai, K., 
Takano, Y., Takegawa, K., Takemura, G., Takeshita, F., Talbot, N.J., Tan, K.S., 
Tanaka, K., Tanaka, K., Tang, D., Tang, D., Tanida, I., Tannous, B.A., 
Tavernarakis, N., Taylor, G.S., Taylor, G.A., Taylor, J.P., Terada, L.S., Terman, 
A., Tettamanti, G., Thevissen, K., Thompson, C.B., Thorburn, A., Thumm, M., 
Tian, F., Tian, Y., Tocchini-Valentini, G., Tolkovsky, A.M., Tomino, Y., Tonges, 
L., Tooze, S.A., Tournier, C., Tower, J., Towns, R., Trajkovic, V., Travassos, 
L.H., Tsai, T.F., Tschan, M.P., Tsubata, T., Tsung, A., Turk, B., Turner, L.S., 
Tyagi, S.C., Uchiyama, Y., Ueno, T., Umekawa, M., Umemiya-Shirafuji, R., 
Unni, V.K., Vaccaro, M.I., Valente, E.M., Van den Berghe, G., van der Klei, I.J., 
van Doorn, W., van Dyk, L.F., van Egmond, M., van Grunsven, L.A., 
Vandenabeele, P., Vandenberghe, W.P., Vanhorebeek, I., Vaquero, E.C., Velasco, 
G., Vellai, T., Vicencio, J.M., Vierstra, R.D., Vila, M., Vindis, C., Viola, G., 
Viscomi, M.T., Voitsekhovskaja, O.V., von Haefen, C., Votruba, M., Wada, K., 
Wade-Martins, R., Walker, C.L., Walsh, C.M., Walter, J., Wan, X.B., Wang, A., 
Wang, C., Wang, D., Wang, F., Wang, F., Wang, G., Wang, H., Wang, H.G., 
Wang, H.D., Wang, J., Wang, K., Wang, M., Wang, R.C., Wang, X., Wang, X., 



214 
 

Wang, Y.J., Wang, Y., Wang, Z., Wang, Z.C., Wang, Z., Wansink, D.G., Ward, 
D.M., Watada, H., Waters, S.L., Webster, P., Wei, L., Weihl, C.C., Weiss, W.A., 
Welford, S.M., Wen, L.P., Whitehouse, C.A., Whitton, J.L., Whitworth, A.J., 
Wileman, T., Wiley, J.W., Wilkinson, S., Willbold, D., Williams, R.L., 
Williamson, P.R., Wouters, B.G., Wu, C., Wu, D.C., Wu, W.K., Wyttenbach, A., 
Xavier, R.J., Xi, Z., Xia, P., Xiao, G., Xie, Z., Xie, Z., Xu, D.Z., Xu, J., Xu, L., 
Xu, X., Yamamoto, A., Yamamoto, A., Yamashina, S., Yamashita, M., Yan, X., 
Yanagida, M., Yang, D.S., Yang, E., Yang, J.M., Yang, S.Y., Yang, W., Yang, 
W.Y., Yang, Z., Yao, M.C., Yao, T.P., Yeganeh, B., Yen, W.L., Yin, J.J., Yin, 
X.M., Yoo, O.J., Yoon, G., Yoon, S.Y., Yorimitsu, T., Yoshikawa, Y., 
Yoshimori, T., Yoshimoto, K., You, H.J., Youle, R.J., Younes, A., Yu, L., Yu, L., 
Yu, S.W., Yu, W.H., Yuan, Z.M., Yue, Z., Yun, C.H., Yuzaki, M., Zabirnyk, O., 
Silva-Zacarin, E., Zacks, D., Zacksenhaus, E., Zaffaroni, N., Zakeri, Z., Zeh, H.J., 
3rd, Zeitlin, S.O., Zhang, H., Zhang, H.L., Zhang, J., Zhang, J.P., Zhang, L., 
Zhang, L., Zhang, M.Y., Zhang, X.D., Zhao, M., Zhao, Y.F., Zhao, Y., Zhao, Z.J., 
Zheng, X., Zhivotovsky, B., Zhong, Q., Zhou, C.Z., Zhu, C., Zhu, W.G., Zhu, 
X.F., Zhu, X., Zhu, Y., Zoladek, T., Zong, W.X., Zorzano, A., Zschocke, J., 
Zuckerbraun, B., 2012. Guidelines for the use and interpretation of assays for 
monitoring autophagy. Autophagy 8, 445-544. 

Klionsky, D.J., Elazar, Z., Seglen, P.O., Rubinsztein, D.C., 2008. Does bafilomycin A1 
block the fusion of autophagosomes with lysosomes? Autophagy 4, 849-850. 

Ko, B.H., Paik, J.Y., Jung, K.H., Lee, K.H., 2010. 17beta-estradiol augments 18F-FDG 
uptake and glycolysis of T47D breast cancer cells via membrane-initiated rapid 
PI3K-Akt activation. Journal of nuclear medicine : official publication, Society of 
Nuclear Medicine 51, 1740-1747. 

Koh, M.Y., Spivak-Kroizman, T.R., Powis, G., 2010. HIF-1alpha and cancer therapy. 
Recent results in cancer research. Fortschritte der Krebsforschung. Progres dans 
les recherches sur le cancer 180, 15-34. 

Kojima, C., Ramirez, D.C., Tokar, E.J., Himeno, S., Drobna, Z., Styblo, M., Mason, R.P., 
Waalkes, M.P., 2009. Requirement of arsenic biomethylation for oxidative DNA 
damage. Journal of the National Cancer Institute 101, 1670-1681. 

Kolobova, E., Tuganova, A., Boulatnikov, I., Popov, K.M., 2001. Regulation of pyruvate 
dehydrogenase activity through phosphorylation at multiple sites. Biochem J 358, 
69-77. 

Koukourakis, M.I., Giatromanolaki, A., Sivridis, E., Gatter, K.C., Harris, A.L., Tumor, 
Angiogenesis Research, G., 2005. Pyruvate dehydrogenase and pyruvate 
dehydrogenase kinase expression in non small cell lung cancer and tumor-
associated stroma. Neoplasia 7, 1-6. 



215 
 

Krivanek, J., Novakova, L., 1991. A novel effect of vanadium ions: inhibition of 
succinyl-CoA synthetase. General physiology and biophysics 10, 71-82. 

Krones, A., Jungermann, K., Kietzmann, T., 2001. Cross-talk between the signals 
hypoxia and glucose at the glucose response element of the L-type pyruvate 
kinase gene. Endocrinology 142, 2707-2718. 

Kuznetsov, D.A., Zavijalov, N.V., Govorkov, A.V., Ivanov-Snaryad, A.A., 1986. Methyl 
mercury-induced combined inhibition of ATP regeneration and protein synthesis 
in reticulocyte lysate cell-free translation system. Toxicol Lett 30, 267-271. 

Lando, D., Peet, D.J., Whelan, D.A., Gorman, J.J., Whitelaw, M.L., 2002. Asparagine 
hydroxylation of the HIF transactivation domain a hypoxic switch. Science 295, 
858-861. 

Larson, J., Yasmin, T., Sens, D.A., Zhou, X.D., Sens, M.A., Garrett, S.H., Dunlevy, J.R., 
Cao, L., Somji, S., 2010. SPARC gene expression is repressed in human 
urothelial cells (UROtsa) exposed to or malignantly transformed by cadmium or 
arsenite. Toxicol Lett 199, 166-172. 

Lau, A., Zheng, Y., Tao, S., Wang, H., Whitman, S.A., White, E., Zhang, D.D., 2013. 
Arsenic inhibits autophagic flux, activating the Nrf2-Keap1 pathway in a p62-
dependent manner. Molecular and cellular biology 33, 2436-2446. 

Lau, D., Xue, L., Hu, R., Liaw, T., Wu, R., Reddy, S., 2000. Expression and regulation of 
a molecular marker, SPR1, in multistep bronchial carcinogenesis. American 
journal of respiratory cell and molecular biology 22, 92-96. 

Lechner, J., LaVeck, M., 1985. A serum-free method for culturing normal human 
bronchial epithelial cells at clonal density. Journal of Tissue Culture Methods 9, 
43-48. 

Lee, K.C., Shorr, R., Rodriguez, R., Maturo, C., Boteju, L.W., Sheldon, A., 2011. 
Formation and anti-tumor activity of uncommon in vitro and in vivo metabolites 
of CPI-613, a novel anti-tumor compound that selectively alters tumor energy 
metabolism. Drug metabolism letters 5, 163-182. 

Leiser, S.F., Kaeberlein, M., 2010. A role for SIRT1 in the hypoxic response. Molecular 
cell 38, 779-780. 

Li, J.X., Shen, Y.Q., Cai, B.Z., Zhao, J., Bai, X., Lu, Y.J., Li, X.Q., 2010. Arsenic 
trioxide induces the apoptosis in vascular smooth muscle cells via increasing 
intracellular calcium and ROS formation. Molecular biology reports 37, 1569-
1576. 

Li, Q., Chen, H., Huang, X., Costa, M., 2006. Effects of 12 metal ions on iron regulatory 
protein 1 (IRP-1) and hypoxia-inducible factor-1 alpha (HIF-1alpha) and HIF-
regulated genes. Toxicol Appl Pharmacol 213, 245-255. 



216 
 

Li, Y.N., Xi, M.M., Guo, Y., Hai, C.X., Yang, W.L., Qin, X.J., 2014. NADPH oxidase-
mitochondria axis-derived ROS mediate arsenite-induced HIF-1alpha stabilization 
by inhibiting prolyl hydroxylases activity. Toxicol Lett 224, 165-174. 

Liang, C., Lee, J.S., Inn, K.S., Gack, M.U., Li, Q., Roberts, E.A., Vergne, I., Deretic, V., 
Feng, P., Akazawa, C., Jung, J.U., 2008. Beclin1-binding UVRAG targets the 
class C Vps complex to coordinate autophagosome maturation and endocytic 
trafficking. Nat Cell Biol 10, 776-787. 

Lim, J.H., Lee, Y.M., Chun, Y.S., Chen, J., Kim, J.E., Park, J.W., 2010. Sirtuin 1 
modulates cellular responses to hypoxia by deacetylating hypoxia-inducible factor 
1alpha. Molecular cell 38, 864-878. 

Lin, S., Shi, Q., Nix, F.B., Styblo, M., Beck, M.A., Herbin-Davis, K.M., Hall, L.L., 
Simeonsson, J.B., Thomas, D.J., 2002. A novel S-adenosyl-L-
methionine:arsenic(III) methyltransferase from rat liver cytosol. J Biol Chem 277, 
10795-10803. 

Liu, J., Wu, K.C., Lu, Y.F., Ekuase, E., Klaassen, C.D., 2013a. Nrf2 protection against 
liver injury produced by various hepatotoxicants. Oxidative medicine and cellular 
longevity 2013, 305861. 

Liu, L.Z., Jiang, Y., Carpenter, R.L., Jing, Y., Peiper, S.C., Jiang, B.H., 2011. Role and 
mechanism of arsenic in regulating angiogenesis. PLoS One 6, e20858. 

Liu, S., Wang, F., Yan, L., Zhang, L., Song, Y., Xi, S., Jia, J., Sun, G., 2013b. Oxidative 
stress and MAPK involved into ATF2 expression in immortalized human 
urothelial cells treated by arsenic. Arch Toxicol 87, 981-989. 

Liu, X., Liu, J., Kang, N., Yan, L., Wang, Q., Fu, X., Zhang, Y., Xiao, R., Cao, Y., 
2013c. Role of insulin-transferrin-selenium in auricular chondrocyte proliferation 
and engineered cartilage formation in vitro. International journal of molecular 
sciences 15, 1525-1537. 

Lu, C.W., Lin, S.C., Chen, K.F., Lai, Y.Y., Tsai, S.J., 2008. Induction of pyruvate 
dehydrogenase kinase-3 by hypoxia-inducible factor-1 promotes metabolic switch 
and drug resistance. J Biol Chem 283, 28106-28114. 

Lu, H., Dalgard, C.L., Mohyeldin, A., McFate, T., Tait, A.S., Verma, A., 2005. 
Reversible inactivation of HIF-1 prolyl hydroxylases allows cell metabolism to 
control basal HIF-1. J Biol Chem 280, 41928-41939. 

Lu, T.H., Tseng, T.J., Su, C.C., Tang, F.C., Yen, C.C., Liu, Y.Y., Yang, C.Y., Wu, C.C., 
Chen, K.L., Hung, D.Z., Chen, Y.W., 2014. Arsenic induces reactive oxygen 
species-caused neuronal cell apoptosis through JNK/ERK-mediated 
mitochondria-dependent and GRP 78/CHOP-regulated pathways. Toxicol Lett 
224, 130-140. 



217 
 

Lum, J.J., Bui, T., Gruber, M., Gordan, J.D., DeBerardinis, R.J., Covello, K.L., Simon, 
M.C., Thompson, C.B., 2007. The transcription factor HIF-1alpha plays a critical 
role in the growth factor-dependent regulation of both aerobic and anaerobic 
glycolysis. Genes & development 21, 1037-1049. 

Macheda, M.L., Rogers, S., Best, J.D., 2005. Molecular and cellular regulation of glucose 
transporter (GLUT) proteins in cancer. Journal of cellular physiology 202, 654-
662. 

MacKenzie, E.D., Selak, M.A., Tennant, D.A., Payne, L.J., Crosby, S., Frederiksen, 
C.M., Watson, D.G., Gottlieb, E., 2007. Cell-permeating alpha-ketoglutarate 
derivatives alleviate pseudohypoxia in succinate dehydrogenase-deficient cells. 
Molecular and cellular biology 27, 3282-3289. 

Maggio, E.T., Ullman, E.F., 1978. Inhibition of malate dehydrogenase by thyroxine and 
structurally related compounds. Biochimica et biophysica acta 522, 284-290. 

Mailloux, R.J., Puiseux-Dao, S., Appanna, V.D., 2009. Alpha-ketoglutarate abrogates the 
nuclear localization of HIF-1alpha in aluminum-exposed hepatocytes. Biochimie 
91, 408-415. 

Marin-Hernandez, A., Gallardo-Perez, J.C., Ralph, S.J., Rodriguez-Enriquez, S., Moreno-
Sanchez, R., 2009. HIF-1alpha modulates energy metabolism in cancer cells by 
inducing over-expression of specific glycolytic isoforms. Mini reviews in 
medicinal chemistry 9, 1084-1101. 

Martin-Rendon, E., Hale, S.J., Ryan, D., Baban, D., Forde, S.P., Roubelakis, M., 
Sweeney, D., Moukayed, M., Harris, A.L., Davies, K., Watt, S.M., 2007. 
Transcriptional profiling of human cord blood CD133+ and cultured bone marrow 
mesenchymal stem cells in response to hypoxia. Stem Cells 25, 1003-1012. 

Martin, N., Ruddick, A., Arthur, G.K., Wan, H., Woodman, L., Brightling, C.E., Jones, 
D.J., Pavord, I.D., Bradding, P., 2012. Primary human airway epithelial cell-
dependent inhibition of human lung mast cell degranulation. PLoS One 7, e43545. 

Massey, V., 1953. Studies on fumarase. 4. The effects of inhibitors on fumarase activity. 
Biochem J 55, 172-177. 

Maxwell, P.H., Wiesener, M.S., Chang, G.W., Clifford, S.C., Vaux, E.C., Cockman, 
M.E., Wykoff, C.C., Pugh, C.W., Maher, E.R., Ratcliffe, P.J., 1999. The tumour 
suppressor protein VHL targets hypoxia-inducible factors for oxygen-dependent 
proteolysis. Nature 399, 271-275. 

Mayorga, J., Richardson-Hardin, C., Dicke, K.A., 2002. Arsenic trioxide as effective 
therapy for relapsed acute promyelocytic leukemia. Clinical journal of oncology 
nursing 6, 341-346. 



218 
 

Mazumder, D.N., Haque, R., Ghosh, N., De, B.K., Santra, A., Chakraborti, D., Smith, 
A.H., 2000. Arsenic in drinking water and the prevalence of respiratory effects in 
West Bengal, India. International journal of epidemiology 29, 1047-1052. 

Mazumder, D.N., Steinmaus, C., Bhattacharya, P., von Ehrenstein, O.S., Ghosh, N., 
Gotway, M., Sil, A., Balmes, J.R., Haque, R., Hira-Smith, M.M., Smith, A.H., 
2005. Bronchiectasis in persons with skin lesions resulting from arsenic in 
drinking water. Epidemiology 16, 760-765. 

McNeill, L.A., Hewitson, K.S., Gleadle, J.M., Horsfall, L.E., Oldham, N.J., Maxwell, 
P.H., Pugh, C.W., Ratcliffe, P.J., Schofield, C.J., 2002. The use of dioxygen by 
HIF prolyl hydroxylase (PHD1). Bioorganic & medicinal chemistry letters 12, 
1547-1550. 

Miyashita, M., Smith, M.W., Willey, J.C., Lechner, J.F., Trump, B.F., Harris, C.C., 1989. 
Effects of serum, transforming growth factor type beta, or 12-O-tetradecanoyl-
phorbol-13-acetate on ionized cytosolic calcium concentration in normal and 
transformed human bronchial epithelial cells. Cancer research 49, 63-67. 

Mizushima, N., Kuma, A., Kobayashi, Y., Yamamoto, A., Matsubae, M., Takao, T., 
Natsume, T., Ohsumi, Y., Yoshimori, T., 2003. Mouse Apg16L, a novel WD-
repeat protein, targets to the autophagic isolation membrane with the Apg12-
Apg5 conjugate. J Cell Sci 116, 1679-1688. 

Mizushima, N., Yamamoto, A., Hatano, M., Kobayashi, Y., Kabeya, Y., Suzuki, K., 
Tokuhisa, T., Ohsumi, Y., Yoshimori, T., 2001. Dissection of autophagosome 
formation using Apg5-deficient mouse embryonic stem cells. J Cell Biol 152, 
657-668. 

Moran, L.A., 2012. Principles of biochemistry, 5th ed. Pearson, Boston. 
Morton, W.E., Caron, G.A., 1989. Encephalopathy: an uncommon manifestation of 

workplace arsenic poisoning? American journal of industrial medicine 15, 1-5. 
Mostafa, M.G., Cherry, N., 2013. Arsenic in drinking water and renal cancers in rural 

Bangladesh. Occupational and environmental medicine 70, 768-773. 
Mueckler, M., Thorens, B., 2013. The SLC2 (GLUT) family of membrane transporters. 

Molecular aspects of medicine 34, 121-138. 
Muoio, D.M., Newgard, C.B., 2008. Molecular and metabolic mechanisms of insulin 

resistance and [beta]-cell failure in type 2 diabetes. Nat Rev Mol Cell Biol 9, 193-
205. 

Muraoka, N., Shum, L., Fukumoto, S., Nomura, T., Ohishi, M., Nonaka, K., 2005. 
Transforming growth factor-beta3 promotes mesenchymal cell proliferation and 
angiogenesis mediated by the enhancement of cyclin D1, Flk-1, and CD31 gene 
expression during CL/Fr mouse lip fusion. Birth defects research. Part A, Clinical 
and molecular teratology 73, 956-965. 



219 
 

Murray-Lyon, I.M., Eddleston, A.L., Williams, R., Brown, M., Hogbin, B.M., Bennett, 
A., Edwards, J.C., Taylor, K.W., 1968. Treatment of multiple-hormone-producing 
malignant islet-cell tumour with streptozotocin. Lancet 2, 895-898. 

Najafov, A., Alessi, D.R., 2010. Uncoupling the Warburg effect from cancer. Proc Natl 
Acad Sci U S A 107, 19135-19136. 

Navas-Acien, A., Silbergeld, E.K., Streeter, R.A., Clark, J.M., Burke, T.A., Guallar, E., 
2006a. Arsenic exposure and type 2 diabetes: a systematic review of the 
experimental and epidemiological evidence. Environ Health Perspect 114, 641-
648. 

Navas-Acien, A., Silbergeld, E.K., Streeter, R.A., Clark, J.M., Burke, T.A., Guallar, E., 
2006b. Arsenic exposure and type 2 diabetes: a systematic review of the 
experimental and epidemiological evidence. Environ Health Perspect 114, 641-
648. 

Nencioni, A., Cea, M., Montecucco, F., Longo, V.D., Patrone, F., Carella, A.M., 
Holyoake, T.L., Helgason, G.V., 2013. Autophagy in blood cancers: biological 
role and therapeutic implications. Haematologica 98, 1335-1343. 

Nymark, P., Catalan, J., Suhonen, S., Jarventaus, H., Birkedal, R., Clausen, P.A., Jensen, 
K.A., Vippola, M., Savolainen, K., Norppa, H., 2013. Genotoxicity of 
polyvinylpyrrolidone-coated silver nanoparticles in BEAS 2B cells. Toxicology 
313, 38-48. 

Ohri, S.S., Vashishta, A., Proctor, M., Fusek, M., Vetvicka, V., 2008. The propeptide of 
cathepsin D increases proliferation, invasion and metastasis of breast cancer cells. 
Int J Oncol 32, 491-498. 

Olivier, M., Petitjean, A, de Caron Fromentel, C, Hainaut, P, Ayed, A and Hupp, T, 2011. 
TP53 mutations in human cancers: selection versus mutagenesis. Landes 
Bioscience In: Ayed, A and Hupp, T (eds), 1-18. 

Park, E.J., Kong, D., Fisher, R., Cardellina, J., Shoemaker, R.H., Melillo, G., 2006. 
Targeting the PAS-A domain of HIF-1alpha for development of small molecule 
inhibitors of HIF-1. Cell Cycle 5, 1847-1853. 

Park, H.Y., Kwon, H.M., Lim, H.J., Hong, B.K., Lee, J.Y., Park, B.E., Jang, Y., Cho, 
S.Y., Kim, H.S., 2001. Potential role of leptin in angiogenesis: leptin induces 
endothelial cell proliferation and expression of matrix metalloproteinases in vivo 
and in vitro. Experimental & molecular medicine 33, 95-102. 

Park, W.H., 2012. MAPK inhibitors and siRNAs differentially affect cell death and ROS 
levels in arsenic trioxide-treated human pulmonary fibroblast cells. Oncology 
reports 27, 1611-1618. 

Pavlides, S., Tsirigos, A., Vera, I., Flomenberg, N., Frank, P.G., Casimiro, M.C., Wang, 
C., Pestell, R.G., Martinez-Outschoorn, U.E., Howell, A., Sotgia, F., Lisanti, 



220 
 

M.P., 2010. Transcriptional evidence for the "Reverse Warburg Effect" in human 
breast cancer tumor stroma and metastasis: similarities with oxidative stress, 
inflammation, Alzheimer's disease, and "Neuron-Glia Metabolic Coupling". 
Aging (Albany NY) 2, 185-199. 

Pavlides, S., Whitaker-Menezes, D., Castello-Cros, R., Flomenberg, N., Witkiewicz, 
A.K., Frank, P.G., Casimiro, M.C., Wang, C., Fortina, P., Addya, S., Pestell, 
R.G., Martinez-Outschoorn, U.E., Sotgia, F., Lisanti, M.P., 2009. The reverse 
Warburg effect: aerobic glycolysis in cancer associated fibroblasts and the tumor 
stroma. Cell Cycle 8, 3984-4001. 

Pelletier, J., Bellot, G., Gounon, P., Lacas-Gervais, S., Pouyssegur, J., Mazure, N.M., 
2012. Glycogen Synthesis is Induced in Hypoxia by the Hypoxia-Inducible Factor 
and Promotes Cancer Cell Survival. Front Oncol 2, 18. 

Petrick, J.S., Ayala-Fierro, F., Cullen, W.R., Carter, D.E., Vasken Aposhian, H., 2000. 
Monomethylarsonous acid (MMA(III)) is more toxic than arsenite in Chang 
human hepatocytes. Toxicol Appl Pharmacol 163, 203-207. 

Petzoldt, J.L., Leigh, I.M., Duffy, P.G., Masters, J.R., 1994. Culture and characterisation 
of human urothelium in vivo and in vitro. Urol Res 22, 67-74. 

Petzoldt, J.L., Leigh, I.M., Duffy, P.G., Sexton, C., Masters, J.R., 1995. Immortalisation 
of human urothelial cells. Urol Res 23, 377-380. 

Pi, J., Diwan, B.A., Sun, Y., Liu, J., Qu, W., He, Y., Styblo, M., Waalkes, M.P., 2008. 
Arsenic-induced malignant transformation of human keratinocytes: involvement 
of Nrf2. Free radical biology & medicine 45, 651-658. 

Pizer, L.I., 1963. The Pathway and Control of Serine Biosynthesis in Escherichia Coli. J 
Biol Chem 238, 3934-3944. 

Popovici-Muller, J., Saunders, J.O., Salituro, F.G., Travins, J.M., Yan, S., Zhao, F., 
Gross, S., Dang, L., Yen, K.E., Yang, H., Straley, K.S., Jin, S., Kunii, K., Fantin, 
V.R., Zhang, S., Pan, Q., Shi, D., Biller, S.A., Su, S.M., 2012. Discovery of the 
First Potent Inhibitors of Mutant IDH1 That Lower Tumor 2-HG in Vivo. ACS 
Medicinal Chemistry Letters 3, 850-855. 

Porporato, P.E., Dhup, S., Dadhich, R.K., Copetti, T., Sonveaux, P., 2011. Anticancer 
targets in the glycolytic metabolism of tumors: a comprehensive review. Front 
Pharmacol 2, 49. 

Qin, J., Chai, G., Brewer, J.M., Lovelace, L.L., Lebioda, L., 2006. Fluoride inhibition of 
enolase: crystal structure and thermodynamics. Biochemistry 45, 793-800. 

Qu, H., Tong, D., Zhang, Y., Kang, K., Zhang, Y., Chen, L., Ren, L., 2013. The 
synergistic antitumor activity of arsenic trioxide and vitamin K2 in HL-60 cells 
involves increased ROS generation and regulation of the ROS-dependent MAPK 
signaling pathway. Die Pharmazie 68, 839-845. 



221 
 

Qu, X., Yu, J., Bhagat, G., Furuya, N., Hibshoosh, H., Troxel, A., Rosen, J., Eskelinen, 
E.L., Mizushima, N., Ohsumi, Y., Cattoretti, G., Levine, B., 2003. Promotion of 
tumorigenesis by heterozygous disruption of the beclin 1 autophagy gene. J Clin 
Invest 112, 1809-1820. 

Ramadan, D., Cline, D.J., Bai, S., Thorpe, C., Schneider, J.P., 2007. Effects of As(III) 
binding on beta-hairpin structure. J Am Chem Soc 129, 2981-2988. 

Ramadan, D., Rancy, P.C., Nagarkar, R.P., Schneider, J.P., Thorpe, C., 2009. Arsenic(III) 
species inhibit oxidative protein folding in vitro. Biochemistry 48, 424-432. 

Reddel, R.R., De Silva, R., Duncan, E.L., Rogan, E.M., Whitaker, N.J., Zahra, D.G., Ke, 
Y., McMenamin, M.G., Gerwin, B.I., Harris, C.C., 1995. SV40-induced 
immortalization and ras-transformation of human bronchial epithelial cells. 
International journal of cancer. Journal international du cancer 61, 199-205. 

Reichard, J.F., Puga, A., 2010. Effects of arsenic exposure on DNA methylation and 
epigenetic gene regulation. Epigenomics 2, 87-104. 

Rezvani, H.R., Ali, N., Nissen, L.J., Harfouche, G., de Verneuil, H., Taieb, A., Mazurier, 
F., 2011. HIF-1alpha in epidermis: oxygen sensing, cutaneous angiogenesis, 
cancer, and non-cancer disorders. The Journal of investigative dermatology 131, 
1793-1805. 

Ribatti, D., Nico, B., Spinazzi, R., Vacca, A., Nussdorfer, G.G., 2005. The role of 
adrenomedullin in angiogenesis. Peptides 26, 1670-1675. 

Richard, D.E., Berra, E., Gothie, E., Roux, D., Pouyssegur, J., 1999. p42/p44 mitogen-
activated protein kinases phosphorylate hypoxia-inducible factor 1alpha (HIF-
1alpha) and enhance the transcriptional activity of HIF-1. J Biol Chem 274, 
32631-32637. 

Riganti, C., Doublier, S., Aldieri, E., Orecchia, S., Betta, P.G., Gazzano, E., Ghigo, D., 
Bosia, A., 2008. Asbestos induces doxorubicin resistance in MM98 mesothelioma 
cells via HIF-1alpha. The European respiratory journal 32, 443-451. 

Rius, J., Guma, M., Schachtrup, C., Akassoglou, K., Zinkernagel, A.S., Nizet, V., 
Johnson, R.S., Haddad, G.G., Karin, M., 2008. NF-kappaB links innate immunity 
to the hypoxic response through transcriptional regulation of HIF-1alpha. Nature 
453, 807-811. 

Rodriguez-Enriquez, S., Kim, I., Currin, R.T., Lemasters, J.J., 2006. Tracker dyes to 
probe mitochondrial autophagy (mitophagy) in rat hepatocytes. Autophagy 2, 39-
46. 

Rodriguez, V.M., Jimenez-Capdeville, M.E., Giordano, M., 2003. The effects of arsenic 
exposure on the nervous system. Toxicol Lett 145, 1-18. 



222 
 

Roussel, C., Bril, H., Fernandez, A., 2000. Arsenic Speciation: Involvement in 
Evaluation of Environmental Impact Caused by Mine Wastes. J. Environ. Qual. 
29, 182-188. 

Sanchez, Y., Calle, C., de Blas, E., Aller, P., 2009. Modulation of arsenic trioxide-
induced apoptosis by genistein and functionally related agents in U937 human 
leukaemia cells. Regulation by ROS and mitogen-activated protein kinases. Chem 
Biol Interact 182, 37-44. 

Santos, S.S., Gibson, G.E., Cooper, A.J., Denton, T.T., Thompson, C.M., Bunik, V.I., 
Alves, P.M., Sonnewald, U., 2006. Inhibitors of the alpha-ketoglutarate 
dehydrogenase complex alter [1-13C]glucose and [U-13C]glutamate metabolism 
in cerebellar granule neurons. Journal of neuroscience research 83, 450-458. 

Saxena, S., Shukla, D., Bansal, A., 2012. Augmentation of aerobic respiration and 
mitochondrial biogenesis in skeletal muscle by hypoxia preconditioning with 
cobalt chloride. Toxicol Appl Pharmacol 264, 324-334. 

Schofield, C.J., Ratcliffe, P.J., 2004. Oxygen sensing by HIF hydroxylases. Nat Rev Mol 
Cell Biol 5, 343-354. 

Selak, M.A., Armour, S.M., MacKenzie, E.D., Boulahbel, H., Watson, D.G., Mansfield, 
K.D., Pan, Y., Simon, M.C., Thompson, C.B., Gottlieb, E., 2005. Succinate links 
TCA cycle dysfunction to oncogenesis by inhibiting HIF-alpha prolyl 
hydroxylase. Cancer cell 7, 77-85. 

Seltmann, K., Fritsch, A.W., Kas, J.A., Magin, T.M., 2013. Keratins significantly 
contribute to cell stiffness and impact invasive behavior. Proc Natl Acad Sci U S 
A 110, 18507-18512. 

Selvaraj, V., Armistead, M.Y., Cohenford, M., Murray, E., 2013. Arsenic trioxide 
(As(2)O(3)) induces apoptosis and necrosis mediated cell death through 
mitochondrial membrane potential damage and elevated production of reactive 
oxygen species in PLHC-1 fish cell line. Chemosphere 90, 1201-1209. 

Semenza, G.L., 2001. HIF-1 and mechanisms of hypoxia sensing. Curr Opin Cell Biol 
13, 167-171. 

Semenza, G.L., 2007a. HIF-1 mediates the Warburg effect in clear cell renal carcinoma. 
Journal of bioenergetics and biomembranes 39, 231-234. 

Semenza, G.L., 2007b. Oxygen-dependent regulation of mitochondrial respiration by 
hypoxia-inducible factor 1. Biochem J 405, 1-9. 

Semenza, G.L., Roth, P.H., Fang, H.M., Wang, G.L., 1994a. Transcriptional regulation of 
genes encoding glycolytic enzymes by hypoxia-inducible factor 1. J Biol Chem 
269, 23757-23763. 



223 
 

Semenza, G.L., Roth, P.H., Fang, H.M., Wang, G.L., 1994b. Transcriptional regulation of 
genes encoding glycolytic enzymes by hypoxia-inducible factor 1. J Biol Chem 
269, 23757-23763. 

Sens, D.A., Park, S., Gurel, V., Sens, M.A., Garrett, S.H., Somji, S., 2004a. Inorganic 
cadmium- and arsenite-induced malignant transformation of human bladder 
urothelial cells. Toxicol Sci 79, 56-63. 

Sens, D.A., Park, S., Gurel, V., Sens, M.A., Garrett, S.H., Somji, S., 2004b. Inorganic 
cadmium- and arsenite-induced malignant transformation of human bladder 
urothelial cells. Toxicol Sci 79, 56-63. 

Severson, P.L., Tokar, E.J., Vrba, L., Waalkes, M.P., Futscher, B.W., 2012. 
Agglomerates of aberrant DNA methylation are associated with toxicant-induced 
malignant transformation. Epigenetics : official journal of the DNA Methylation 
Society 7, 1238-1248. 

Severson, P.L., Tokar, E.J., Vrba, L., Waalkes, M.P., Futscher, B.W., 2013. Coordinate 
H3K9 and DNA methylation silencing of ZNFs in toxicant-induced malignant 
transformation. Epigenetics : official journal of the DNA Methylation Society 8, 
1080-1088. 

Shen, S.C., Lee, W.R., Yang, L.Y., Tsai, H.H., Yang, L.L., Chen, Y.C., 2012. Quercetin 
enhancement of arsenic-induced apoptosis via stimulating ROS-dependent p53 
protein ubiquitination in human HaCaT keratinocytes. Experimental dermatology 
21, 370-375. 

Shih, S.C., Claffey, K.P., 2001. Role of AP-1 and HIF-1 transcription factors in TGF-beta 
activation of VEGF expression. Growth factors 19, 19-34. 

Shintani, T., Klionsky, D.J., 2004. Autophagy in health and disease: a double-edged 
sword. Science 306, 990-995. 

Simeonova, P.P., Luster, M.I., 2004. Arsenic and atherosclerosis. Toxicol Appl 
Pharmacol 198, 444-449. 

Sinha, D., Biswas, J., Bishayee, A., 2013. Nrf2-mediated redox signaling in arsenic 
carcinogenesis: a review. Arch Toxicol 87, 383-396. 

Smeitink, J., van den Heuvel, L., DiMauro, S., 2001. The genetics and pathology of 
oxidative phosphorylation. Nature reviews. Genetics 2, 342-352. 

Smith, A.H., Goycolea, M., Haque, R., Biggs, M.L., 1998. Marked increase in bladder 
and lung cancer mortality in a region of Northern Chile due to arsenic in drinking 
water. Am J Epidemiol 147, 660-669. 

Smith, A.H., Hopenhayn-Rich, C., Bates, M.N., Goeden, H.M., Hertz-Picciotto, I., 
Duggan, H.M., Wood, R., Kosnett, M.J., Smith, M.T., 1992a. Cancer risks from 
arsenic in drinking water. Environ Health Perspect 97, 259-267. 



224 
 

Smith, A.H., Hopenhayn-Rich, C., Bates, M.N., Goeden, H.M., Hertz-Picciotto, I., 
Duggan, H.M., Wood, R., Kosnett, M.J., Smith, M.T., 1992b. Cancer risks from 
arsenic in drinking water. Environ Health Perspect 97, 259-267. 

Smith, A.H., Lingas, E.O., Rahman, M., 2000. Contamination of drinking-water by 
arsenic in Bangladesh: a public health emergency. Bull World Health Organ 78, 
1093-1103. 

Smith, A.H., Marshall, G., Yuan, Y., Ferreccio, C., Liaw, J., von Ehrenstein, O., 
Steinmaus, C., Bates, M.N., Selvin, S., 2006. Increased mortality from lung 
cancer and bronchiectasis in young adults after exposure to arsenic in utero and in 
early childhood. Environ Health Perspect 114, 1293-1296. 

Stamenkovic, I., 2000. Matrix metalloproteinases in tumor invasion and metastasis. 
Seminars in cancer biology 10, 415-433. 

Stea, F., Bianchi, F., Cori, L., Sicari, R., 2014. Cardiovascular effects of arsenic: clinical 
and epidemiological findings. Environmental science and pollution research 
international 21, 244-251. 

Stewart, C.E., Bates, P.C., Calder, T.A., Woodall, S.M., Pell, J.M., 1993. Potentiation of 
insulin-like growth factor-I (IGF-I) activity by an antibody: supportive evidence 
for enhancement of IGF-I bioavailability in vivo by IGF binding proteins. 
Endocrinology 133, 1462-1465. 

Stonard, M.D., Parker, V.H., 1971. 2-Oxoacid dehydrogenases of rat liver mitochondria 
as the site of action of S-(1,2 dichlorovinyl)-L-cysteine and S-(1,2-dichlorovinyl)-
3-mercaptopropionic acid. Biochemical pharmacology 20, 2417-2427. 

Stueckle, T.A., Lu, Y., Davis, M.E., Wang, L., Jiang, B.H., Holaskova, I., Schafer, R., 
Barnett, J.B., Rojanasakul, Y., 2012a. Chronic occupational exposure to arsenic 
induces carcinogenic gene signaling networks and neoplastic transformation in 
human lung epithelial cells. Toxicol Appl Pharmacol 261, 204-216. 

Stueckle, T.A., Lu, Y., Davis, M.E., Wang, L., Jiang, B.H., Holaskova, I., Schafer, R., 
Barnett, J.B., Rojanasakul, Y., 2012b. Chronic occupational exposure to arsenic 
induces carcinogenic gene signaling networks and neoplastic transformation in 
human lung epithelial cells. Toxicol Appl Pharmacol 261, 204-216. 

Sun, H., Clancy, H.A., Kluz, T., Zavadil, J., Costa, M., 2011a. Comparison of gene 
expression profiles in chromate transformed BEAS-2B cells. PLoS One 6, 
e17982. 

Sun, Y., Kojima, C., Chignell, C., Mason, R., Waalkes, M.P., 2011b. Arsenic 
transformation predisposes human skin keratinocytes to UV-induced DNA 
damage yet enhances their survival apparently by diminishing oxidant response. 
Toxicol Appl Pharmacol 255, 242-250. 



225 
 

Tedone, T., Correale, M., Barbarossa, G., Casavola, V., Paradiso, A., Reshkin, S.J., 1997. 
Release of the aspartyl protease cathepsin D is associated with and facilitates 
human breast cancer cell invasion. FASEB journal : official publication of the 
Federation of American Societies for Experimental Biology 11, 785-792. 

Thornton, L., 2001. Arsenic: the'King of poisons'in antiquity - a possible threat to future 
sustainability. Arsenic Exposure and Health Effects Iv, 1-7. 

Tokar, E.J., Kojima, C., Waalkes, M.P., 2014. Methylarsonous acid causes oxidative 
DNA damage in cells independent of the ability to biomethylate inorganic arsenic. 
Arch Toxicol 88, 249-261. 

Tondel, M., Rahman, M., Magnuson, A., Chowdhury, I.A., Faruquee, M.H., Ahmad, 
S.A., 1999. The relationship of arsenic levels in drinking water and the prevalence 
rate of skin lesions in Bangladesh. Environ Health Perspect 107, 727-729. 

Torimura, T., Ueno, T., Kin, M., Harada, R., Nakamura, T., Kawaguchi, T., Harada, M., 
Kumashiro, R., Watanabe, H., Avraham, R., Sata, M., 2001. Autocrine motility 
factor enhances hepatoma cell invasion across the basement membrane through 
activation of beta1 integrins. Hepatology 34, 62-71. 

Tsai, S.M., Wang, T.N., Ko, Y.C., 1999. Mortality for certain diseases in areas with high 
levels of arsenic in drinking water. Archives of environmental health 54, 186-193. 

Tseng, W.P., Chu, H.M., How, S.W., Fong, J.M., Lin, C.S., Yeh, S., 1968. Prevalence of 
skin cancer in an endemic area of chronic arsenicism in Taiwan. Journal of the 
National Cancer Institute 40, 453-463. 

USGS, 2007. Arsenic in the Groundwater in the United States., pp. 
Vahidnia, A., van der Voet, G.B., de Wolff, F.A., 2007. Arsenic neurotoxicity--a review. 

Hum Exp Toxicol 26, 823-832. 
Vahter, M., 2008. Health effects of early life exposure to arsenic. Basic & clinical 

pharmacology & toxicology 102, 204-211. 
Vander Heiden, M.G., Cantley, L.C., Thompson, C.B., 2009. Understanding the Warburg 

effect: the metabolic requirements of cell proliferation. Science 324, 1029-1033. 
Veranth, J.M., Reilly, C.A., Veranth, M.M., Moss, T.A., Langelier, C.R., Lanza, D.L., 

Yost, G.S., 2004. Inflammatory cytokines and cell death in BEAS-2B lung cells 
treated with soil dust, lipopolysaccharide, and surface-modified particles. Toxicol 
Sci 82, 88-96. 

Viollet, B., Guigas, B., Sanz Garcia, N., Leclerc, J., Foretz, M., Andreelli, F., 2012. 
Cellular and molecular mechanisms of metformin: an overview. Clinical science 
122, 253-270. 

Waalkes, M.P., Liu, J., Diwan, B.A., 2007. Transplacental arsenic carcinogenesis in 
mice. Toxicol Appl Pharmacol 222, 271-280. 



226 
 

Wang, G.L., Jiang, B.H., Rue, E.A., Semenza, G.L., 1995. Hypoxia-inducible factor 1 is 
a basic-helix-loop-helix-PAS heterodimer regulated by cellular O2 tension. Proc 
Natl Acad Sci U S A 92, 5510-5514. 

Wang, L., Kou, M.C., Weng, C.Y., Hu, L.W., Wang, Y.J., Wu, M.J., 2012a. Arsenic 
modulates heme oxygenase-1, interleukin-6, and vascular endothelial growth 
factor expression in endothelial cells: roles of ROS, NF-kappaB, and MAPK 
pathways. Arch Toxicol 86, 879-896. 

Wang, X., Mandal, A.K., Saito, H., Pulliam, J.F., Lee, E.Y., Ke, Z.J., Lu, J., Ding, S., Li, 
L., Shelton, B.J., Tucker, T., Evers, B.M., Zhang, Z., Shi, X., 2012b. Arsenic and 
chromium in drinking water promote tumorigenesis in a mouse colitis-associated 
colorectal cancer model and the potential mechanism is ROS-mediated Wnt/beta-
catenin signaling pathway. Toxicol Appl Pharmacol 262, 11-21. 

Wang, X., Mychajlowycz, M., Lau, C., Gutierrez, C., Scott, J.A., Chow, C.W., 2012c. 
Spleen tyrosine kinase mediates BEAS-2B cell migration and proliferation and 
human rhinovirus-induced expression of vascular endothelial growth factor and 
interleukin-8. The Journal of pharmacology and experimental therapeutics 340, 
277-285. 

Wang, X., Son, Y.O., Chang, Q., Sun, L., Hitron, J.A., Budhraja, A., Zhang, Z., Ke, Z., 
Chen, F., Luo, J., Shi, X., 2011. NADPH oxidase activation is required in reactive 
oxygen species generation and cell transformation induced by hexavalent 
chromium. Toxicol Sci 123, 399-410. 

Wang, X.J., Sun, Z., Chen, W., Li, Y., Villeneuve, N.F., Zhang, D.D., 2008. Activation 
of Nrf2 by arsenite and monomethylarsonous acid is independent of Keap1-C151: 
enhanced Keap1-Cul3 interaction. Toxicol Appl Pharmacol 230, 383-389. 

Warburg, O., 1956. On the origin of cancer cells. Science 123, 309-314. 
Wedding, R.T., Hansch, C., Fukuto, T.R., 1967. Inhibition of malate dehydrogenase by 

phenols and the influence of ring substituents on their inhibitory effectiveness. 
Archives of biochemistry and biophysics 121, 9-21. 

Weidemann, A., Johnson, R.S., 2008. Biology of HIF-1alpha. Cell death and 
differentiation 15, 621-627. 

Weng, C.Y., Chiou, S.Y., Wang, L., Kou, M.C., Wang, Y.J., Wu, M.J., 2014. Arsenic 
trioxide induces unfolded protein response in vascular endothelial cells. Arch 
Toxicol 88, 213-226. 

Williams, R.J.P., 2002. Nature's building blocks: An A-Z guide to the elements. Tls-
Times Lit Suppl, 28-28. 

Wnek, S.M., Kuhlman, C.L., Camarillo, J.M., Medeiros, M.K., Liu, K.J., Lau, S.S., 
Gandolfi, A.J., 2011. Interdependent genotoxic mechanisms of 
monomethylarsonous acid: role of ROS-induced DNA damage and poly(ADP-



227 
 

ribose) polymerase-1 inhibition in the malignant transformation of urothelial cells. 
Toxicol Appl Pharmacol 257, 1-13. 

Woo, S.H., Park, I.C., Park, M.J., An, S., Lee, H.C., Jin, H.O., Park, S.A., Cho, H., Lee, 
S.J., Gwak, H.S., Hong, Y.J., Hong, S.I., Rhee, C.H., 2004. Arsenic trioxide 
sensitizes CD95/Fas-induced apoptosis through ROS-mediated upregulation of 
CD95/Fas by NF-kappaB activation. International journal of cancer. Journal 
international du cancer 112, 596-606. 

Wu, M., Neilson, A., Swift, A.L., Moran, R., Tamagnine, J., Parslow, D., Armistead, S., 
Lemire, K., Orrell, J., Teich, J., Chomicz, S., Ferrick, D.A., 2007. Multiparameter 
metabolic analysis reveals a close link between attenuated mitochondrial 
bioenergetic function and enhanced glycolysis dependency in human tumor cells. 
American journal of physiology. Cell physiology 292, C125-136. 

Wu, Y.T., Tan, H.L., Shui, G., Bauvy, C., Huang, Q., Wenk, M.R., Ong, C.N., Codogno, 
P., Shen, H.M., 2010. Dual role of 3-methyladenine in modulation of autophagy 
via different temporal patterns of inhibition on class I and III phosphoinositide 3-
kinase. J Biol Chem 285, 10850-10861. 

Xu, Y., Li, Y., Li, H., Pang, Y., Zhao, Y., Jiang, R., Shen, L., Zhou, J., Wang, X., Liu, 
Q., 2013a. The accumulations of HIF-1alpha and HIF-2alpha by JNK and ERK 
are involved in biphasic effects induced by different levels of arsenite in human 
bronchial epithelial cells. Toxicology and applied pharmacology 266, 187-197. 

Xu, Y., Li, Y., Pang, Y., Ling, M., Shen, L., Yang, X., Zhang, J., Zhou, J., Wang, X., Liu, 
Q., 2012. EMT and stem cell-like properties associated with HIF-2alpha are 
involved in arsenite-induced transformation of human bronchial epithelial cells. 
PLoS One 7, e37765. 

Xu, Y., Zhao, Y., Xu, W., Luo, F., Wang, B., Li, Y., Pang, Y., Liu, Q., 2013b. 
Involvement of HIF-2alpha-mediated inflammation in arsenite-induced 
transformation of human bronchial epithelial cells. Toxicol Appl Pharmacol 272, 
542-550. 

Yamashiro, Y., Takei, K., Umikawa, M., Asato, T., Oshiro, M., Uechi, Y., Ishikawa, T., 
Taira, K., Uezato, H., Kariya, K., 2010. Ectopic coexpression of keratin 8 and 18 
promotes invasion of transformed keratinocytes and is induced in patients with 
cutaneous squamous cell carcinoma. Biochemical and biophysical research 
communications 399, 365-372. 

Yan, Q., Bartz, S., Mao, M., Li, L., Kaelin, W.G., Jr., 2007. The hypoxia-inducible factor 
2alpha N-terminal and C-terminal transactivation domains cooperate to promote 
renal tumorigenesis in vivo. Molecular and cellular biology 27, 2092-2102. 



228 
 

Yang, J.H., Park, J.W., 2003. Oxalomalate, a competitive inhibitor of NADP+-dependent 
isocitrate dehydrogenase, enhances lipid peroxidation-mediated oxidative damage 
in U937 cells. Archives of biochemistry and biophysics 416, 31-37. 

Yang, Z.H., Fan, B.X., Lu, Y., Cao, Z.S., Yu, S., Fan, F.Y., Zhu, M.X., 2002. [Malignant 
transformation of human bronchial epithelial cell (BEAS-2B) induced by depleted 
uranium]. Ai zheng = Aizheng = Chinese journal of cancer 21, 944-948. 

Yeung, S.J., Pan, J., Lee, M.H., 2008. Roles of p53, MYC and HIF-1 in regulating 
glycolysis - the seventh hallmark of cancer. Cell Mol Life Sci 65, 3981-3999. 

You, B.R., Park, W.H., 2012. Arsenic trioxide induces human pulmonary fibroblast cell 
death via increasing ROS levels and GSH depletion. Oncology reports 28, 749-
757. 

Yu, F., White, S.B., Zhao, Q., Lee, F.S., 2001. HIF-1alpha binding to VHL is regulated 
by stimulus-sensitive proline hydroxylation. Proc Natl Acad Sci U S A 98, 9630-
9635. 

Zhang, Q., Chen, Y., Zhang, B., Shi, B., Weng, W., Chen, Z., Guo, N., Hua, Y., Zhu, L., 
2013. Hypoxia-inducible factor-1alpha polymorphisms and risk of cancer 
metastasis: a meta-analysis. PLoS One 8, e70961. 

Zhang, T., Qi, Y., Liao, M., Xu, M., Bower, K.A., Frank, J.A., Shen, H.M., Luo, J., Shi, 
X., Chen, G., 2012a. Autophagy is a cell self-protective mechanism against 
arsenic-induced cell transformation. Toxicological sciences : an official journal of 
the Society of Toxicology 130, 298-308. 

Zhang, T., Qi, Y., Liao, M., Xu, M., Bower, K.A., Frank, J.A., Shen, H.M., Luo, J., Shi, 
X., Chen, G., 2012b. Autophagy is a cell self-protective mechanism against 
arsenic-induced cell transformation. Toxicol Sci 130, 298-308. 

Zhang, Z., Lu, H., Huan, F., Meghan, C., Yang, X., Wang, Y., Wang, X., Wang, X., 
Wang, S.L., 2014. Cytochrome P450 2A13 mediates the neoplastic transformation 
of human bronchial epithelial cells at a low concentration of aflatoxin B1. 
International journal of cancer. Journal international du cancer 134, 1539-1548. 

Zhao, F., Severson, P., Pacheco, S., Futscher, B.W., Klimecki, W.T., 2013. Arsenic 
exposure induces the Warburg effect in cultured human cells. Toxicol Appl 
Pharmacol. 

Zhao, F., Wu, T., Lau, A., Jiang, T., Huang, Z., Wang, X.J., Chen, W., Wong, P.K., 
Zhang, D.D., 2009. Nrf2 promotes neuronal cell differentiation. Free radical 
biology & medicine 47, 867-879. 

Zhu, Q.S., Rosenblatt, K., Huang, K.L., Lahat, G., Brobey, R., Bolshakov, S., Nguyen, 
T., Ding, Z., Belousov, R., Bill, K., Luo, X., Lazar, A., Dicker, A., Mills, G.B., 
Hung, M.C., Lev, D., 2011. Vimentin is a novel AKT1 target mediating motility 
and invasion. Oncogene 30, 457-470. 



229 
 

Zhu, X.N., Chen, L.P., Bai, Q., Ma, L., Li, D.C., Zhang, J.M., Gao, C., Lei, Z.N., Zhang, 
Z.B., Xing, X.M., Liu, C.X., He, Z.N., Li, J., Xiao, Y.M., Zhang, A.H., Zeng, 
X.W., Chen, W., 2014. PP2A-AMPKalpha-HSF1 axis regulates the metal-
inducible expression of HSPs and ROS clearance. Cellular signalling 26, 825-832. 

 


