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ABSTRACT 

Kidney diseases and cancer are one of the dominant urologic diseases worldwide. The 

number of the new cases of kidney diseases and cancers has increased in multiple countries 

including The United States over the past decade. Environmental contaminants, such as 

arsenic in drinking water and tobacco smoking (with nicotine as a major component), have 

been reported to increase the risk for these diseases. However, the mechanistic basis for 

these environmental contaminants-induced adverse effects in kidney is poorly understood. 

Hence, the main objective of this research was to evaluate how the molecular mechanism 

of arsenic or nicotine-induced chronic kidney disease (CKD) and kidney cancer by using 

HK-2 normal human kidney epithelial cells as in vitro model. To simulate the chronic 

exposure, the HK-2 cells were maintained in arsenic or nicotine -containing medium for 

up to six months. The effects of the treatments on the growth, morphology, and molecular 

changes as well as the neoplastic transformation in HK-2 cells was periodically monitored. 

Various methods such as MTT assay, cell cycle analysis, gene expression by qRT-PCR, 

western blot, immunofluorescence, and soft agar assay were used to analyze the adverse 

effects.  

The results revealed a growth inhibition in cells with acute exposure (72 hrs) to arsenic or 

nicotine, whereas long-term exposure (1 to 3 months) to arsenic or nicotine increased the 

cell proliferation in HK-2 cells. Additionally, the morphological changes related to 

epithelial to mesenchymal transition (EMT) and cancer stem cell-like spheres were 

observed in long-term arsenic or nicotine treated cells and these changes persisted until 
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chronic exposure (6 months) with intermittent appearance and disappearance. Moreover, 

the molecular markers revealed that long-term arsenic exposed cells acquired properties, 

such as increased expression of pro-fibrotic genes and extracellular matrix proteins, similar 

to kidney fibrosis. Such fibrotic properties were not observed in nicotine treated cells. In 

order to evaluate the role of DNA methylation in arsenic -induced fibrotic properties, the 

cells were treated with DNA demethylating agent 5-Aza-2'-Deoxycytidine (5-Aza-2’-dC). 

Interestingly, 5-Aza-2’-dC reversed the arsenic-induced changes in morphology and 

molecular markers associated with fibrosis. Therefore, the results suggest that these 

arsenic-induced fibrotic changes were related to the alteration in DNA methylation. In 1M 

nicotine treated cells, in addition to the EMT, the acquisition of stem cell-like phenotype 

was also observed. The treatment of demethylating agent 5-Aza-2’-dC and histone 

deacetylase inhibitor (HDACi) abrogated the formation of stemness suggesting the role of 

epigenetic alteration in acquisition of stemness. To further understand the role of oxidative 

stress in nicotine-induced stemness, these cells were also treated with antioxidant N-

Acetyl-Cysteine (NAC). The complete abrogation of stemness by NAC treatment suggest 

the role of oxidative stress in nicotine-induced stemness. Interestingly, the in 10M 

nicotine-exposed cells did not initially acquire stemness. However, lowering the levels of 

ROS after antioxidant treatment, these cells acquired the stem like spheres suggesting that 

the lower levels but not the relatively higher levels of oxidative stress is causing stemness. 

Our data also revealed that NAC reversed the altered expression of epigenetic regulatory 

genes suggesting the role of oxidative stress in epigenetic modifications during nicotine-
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induced stem cell phenotype. Finally, the formation of colonies in soft agar assay revealed 

that chronic exposure to arsenic or nicotine induced neoplastic transformation in HK-2 

cells. The analysis of marker genes and oncogenic pathway suggests that arsenic or nicotine 

caused neoplastic transformation through alterations in tumor suppressor and/or oncogene 

as well as the activation of oncogenic pathway(s). 

In conclusion, the findings of this study for the first time revealed that arsenic can increase 

the risk for kidney fibrosis whereas chronic exposure to arsenic or nicotine can lead to 

kidney cancer development. More importantly, this study suggests the clinical significance 

of epigenetic therapeutics and antioxidants in inhibition of arsenic and/or nicotine-induced 

CKD and kidney cancer. 
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CHAPTER I 

INTRODUCTION 

1.1. Kidney Diseases and Kidney Cancer 

Kidney is an important organ in human body responsible for the excretion of toxicants and 

wastes from blood, as well as the balance of water and minerals. Epidemiological studies 

have indicated that kidney diseases and kidney cancer remain one of the most urologic 

diseases worldwide. Kidney diseases are associated with a series of outcomes from the 

diagnosis of damaged kidneys and the loss of function for filtration. Multiple 

measurements are used for detection of kidney function, such as the calculation of 

estimated glomerular filtration rate (eGFR) by using serum creatinine (sCr) concentration 

and other factors (age, gender, and race), as well as the concentration of blood urea nitrogen 

(BUN), which is considered as an indicator for the clearance of renal filtration. The history 

of kidney diseases is believed as an inducer to increase the risk for kidney cancers. Both 

kidney diseases and kidney cancers are non-communicable and hard to be detected, which 

contribute to the death of millions worldwide each year. The causes for kidney diseases 

and cancers can be endogenous (genetic) and exogenous (environmental). Exposure to 

various risk factors has been shown to induce renal damages and further lead to of kidney 

failure. There are several types of kidney diseases such as acute kidney injury (AKI), 

kidney fibrosis, chronic kidney diseases (CKD) and end stage renal disease (ESRD). The 

relationship between each kidney disease and cancers is interconnected. For example, 

previous studies have indicated that patients who had AKI history will have higher risk for 
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the occurrence of CKD/ESRD, on the other hand, patients with CKD/ESRD also have 

increased risk for kidney cancer [1, 2].  

 

1.2. Types of Kidney Diseases 

1.2.1. Acute kidney injury 

Acute kidney injury (AKI) formerly called acute kidney failure is a common disorder 

worldwide, occurring in more than 13 million people annually [3] and a prevalence of about 

2% of patients in hospital in the United States [4, 5]. AKI is a type of syndrome related to 

the immediate decrease (within hours) of kidney function, including the damaged renal 

structure and loss of renal functions [6]. The clinical classification of AKI can be 

categorized as prerenal AKI, intrinsic AKI and postrenal AKI. Among them, intrinsic AKI 

represents the real kidney disease, whereas prerenal and postrenal AKI are considered as 

the consequences of extra-renal diseases leading to the decreased glomerular filtration rate 

(GFR). For example, cardiac failure is considered as prerenal AKI whereas damaged 

urethral structure is one of the postrenal AKI. If the prerenal and postrenal AKI 

continuously persist, these two conditions will further contribute to renal damages and 

induce intrinsic AKI [6].  

Because of the wide variety of injuries taking place in kidney, the general categories of the 

etiologies of intrinsic AKI are based on the types of the damaged structures in kidney, such 

as tubular damage, glomerular damage, interstitial damage and vascular damage [7]. 
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Among them, tubular damage also called acute tubular necrosis (ATN), is the most 

common type of intrinsic AKI [6]. The detection of tubular cells in urine would further 

support the damage in tubular through apoptosis and/or necrosis [8]. The two major causes 

of ATN are ischemic factor and nephrotoxic factor. Ischemic factor is due to the decreased 

renal perfusion, and nephrotoxic factor is related to the exposure to a variety of exogenous 

or endogenous compounds [7]. Additionally, proximal tubule is reported as the primary 

target site for tubular damage and several recent studies have used the biomarker called 

kidney injury molecular-1 (KIM-1) for proximal tubule injury [9, 10]. For other damaged 

structures, the occurrence of AKI from glomerular damage is mainly because of the severe 

cases of acute glomerulonephritis (GN). AKI from interstitial damage is the result from 

acute interstitial nephritis due to the allergic reaction to medications or the infection in 

kidney, whereas the injuries in intra-renal vessels contributing to decreased renal GFR are 

believed as the causes of AKI from vascular damage [7].  

1.2.2. Kidney Fibrosis 

Kidney has the strong capacity of recovery injuries. However, previous studies have 

demonstrated that if the damage in kidney is too severe, the repair processes can induce the 

aberrant process associated with occurrence of fibrosis and increase the risk for chronic 

kidney disease (CKD) [8]. Fibrosis, as an irreversible outcome, is a failed wound-healing 

process as a series of physiological events including accumulation of extracellular matrix 

(ECM) for scarring formation [11]. In normal would healing process, the renal damages 

will be repaired, and tissue structure will be restored by several events including 
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inflammation, fibroblast activation, tubular generation, ECM production and matrix 

remodeling. However, if the injury is severe and prolongs, it will result in overproduction 

of ECM during wound healing. This overproduced ECM will cause fibrotic scar which 

further influence renal function due to the lack of flexibility of scar tissue [11, 12].  

Additionally, renal fibrosis is also considered as tubulointerstitial fibrosis due to the feature 

of tubular destruction, characterized by tubular atrophy, tubular dilatation and increased 

fibrogenesis [13, 14]. Renal fibrosis is one of the major hallmarks as well as an integral 

part of the pathophysiological mechanism for the progression of CKD [15]. The presence 

of renal fibrosis in CKD is strongly correlated with the performance of kidney failure and 

poor long-term prognosis of CKD [16].  

1.2.3. Chronic Kidney Diseases 

CKD is a complex and non-communicable disease worldwide, which represents as a long-

term loss of kidney function. Previous studies have indicated that the prevalence of CKD 

is increased in multiple countries and it was the 18th cause of death in the world [17, 18]. 

Additionally, CKD is more prevalent in women than men [19]. The progression of CKD is 

related to the progressive scarring from renal injuries in glomeruli and interstitium, which 

further results in the loss of renal function and eventually leads to ESRD. The definition of 

CKD is the presence of kidney damage including abnormal albumin excretion called 

proteinuria, and decreased kidney function by measuring eGFR estimated from serum 

creatinine concentration [20]. Based on the calculated eGFR, CKD can be classified into 

five stages by using Kidney Outcomes Quality Initiative (KDOQI) guidelines [21]. Once 
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CKD reaches an advanced stage called ESRD, dialysis or kidney transplant are needed due 

to the complete loss of function in kidney known as kidney failure [22]. 

1.2.4. Kidney cancer 

Kidney cancer is one of the most common cancers in the urinary system [23], and it 

includes a number of different cancers with different histology and clinic courses. Kidney 

cancer accounts for approximately 2% of all cancer diagnoses and cancer deaths worldwide, 

and the incidence rates of kidney cancer generally higher in developed countries [24]. 

Previous study has indicated that the genetic factors are important for the induction of 

kidney cancer, hence, understanding the genetic basis of kidney cancer is needed to further 

understand the progression of this disease [25]. For example, there are twelve genes 

involved in the metabolisms of oxygen, iron, nutrients or energy have been reported to 

cause kidney cancer, therefore, kidney cancers are also considered as metabolic diseases 

[26].  

Renal cell carcinoma (RCC) is a heterogeneous group of cancers derived from renal tubular 

epithelial cells, and 90 % of kidney cancers are RCC [27]. The incidence of RCC is 

dependent on increased age and gender. In general, men have higher risk for RCC 

compared to women [23]. Based on the histopathological and molecular characterization 

of RCC [28], the majority of RCC subtypes can be classified as clear cell RCC (ccRCC), 

papillary RCC (pRCC) and chromophobe RCC (chRCC) [29]. Among these subtypes, 

ccRCC is the most common type of RCC contributing to the majority of kidney cancer 
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deaths [30]. Around 30% of patients with ccRCC eventually develop metastases and further 

lead to high mortality [31].  

1.3. Etiological Risk Factors for Kidney Diseases and Cancers 

A number of both genetic and environmental etiological factors have been reported 

associated with kidney diseases and cancers [32]. For the genetic etiological factors, 

previous study has indicated that the genes related to renin–angiotensin system and the 

mutations on the Uromodulin gene and Apolipoprotein L1 (APOL1) gene are relevant to 

CKD and ESRD [33-35]. The mutation on von Hippel–Lindau (VHL) tumor suppressor 

gene is reported as an essential key factor for ccRCC [36, 37]. Moreover, family history of 

CKD is also another factor to increase the prevalence of CKD [38].  

Except the genetic basis and family history, multiple evidences have demonstrated that 

CKD and RCC are strongly associated with the exposure to environmental nephrotoxic 

chemicals, such as heavy metals, pesticides, air pollutants and fungi-produced toxin [39]. 

Additionally, excessive alcohol consumption [40, 41], tobacco smoking [42, 43] and the 

medications [44] are also contributing to increase the risk of CKD and RCC. Furthermore, 

hypertension, diabetes, as well as the history of AKI or CKD are another risk factors [32, 

45]. In this study, we mainly focused on the roles of environmental factors in the initiation 

and progression of kidney diseases and cancers. As we discussed earlier, multiple 

exogenous factors are shown to contribute to kidney diseases, among them, arsenic and 
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tobacco smoking, as two of the major and common environmental risk factors, would be 

the main environmental factors discussed in this study.  

 

1.4. Arsenic and Kidney Diseases 

Arsenic is an environmental contaminant which has been reported to contribute to several 

diseases in various organs. Kidney is one of the most common target organs of arsenic 

exposure, which plays an essential role in arsenic metabolism in human body.  

1.4.1. Arsenic 

Arsenic is a natural component of earth crust and easily found in the air, water and soil. It 

is highly toxic and can be accumulated through food chain. The contamination of arsenic 

in drinking water is still a major public health issue globally. The potential routes of arsenic 

exposure to human are through ingestion, inhalation and dermal contact of arsenic-

contaminated sources. [46]. The WHO standard of arsenic concentrations in drinking water 

is 10 μg/L, however, there are still lots of people in various countries can easily expose to 

higher concentration of arsenic. 

Multiple subtypes of arsenic can be found in the environment categorized as inorganic and 

organic arsenic. The inorganic subtypes are the more toxic and common compared to 

organic subtypes. In the environment, arsenic and its subtypes can attach with small 

particles and travel to long distance. Arsenic from the air can dissolve in rain and further 
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contaminate rivers, lakes and underground water. In addition, industrial waste is also as the 

other main source causing arsenic contamination in water [46].   

Arsenic can cause adverse effects on human body systems contributing to the dysfunction 

of various organs including lung, liver, kidney, bladder, skin, spleen and gastrointestinal 

tract. [47, 48]. Arsenic can induce multiple adverse outcomes in human health including 

cancers, cardiovascular diseases, diabetes, immune disorders, reproductive outcomes and 

others [49]. Liver is the primary target of arsenic metabolism [50]; however, kidney has 

also been reported as the target organ of arsenic exposure and metabolism [51].  

In human, arsenic can bind with thiol group in cellular proteins or glutathione (GSH) as a 

substrate for oxidative methylation during arsenic metabolism. The inorganic trivalent 

arsenic can be metabolized into monomethylarsonous acid (MMAIII) and 

dimethylarsinous acid (DMAIII) as intermediate metabolites by an enzyme called 

arsenicmethylatransferase (AS3MT). MMAIII and DMAIII are further oxidized into 

pentavalent monomethylarsonic acid (MMAV) and dimethylarsenic acid (DMAV), which 

are considered as less-toxic end-products of arsenic metabolism [49]. Excretion of arsenic 

in kidney is the major pathway to remove arsenic from human body. In general, the arsenic 

in urine is consist of 10–30% inorganic arsenic, 10–20% MMAs, and 60–80% DMAs; 

however, The living areas and countries of population could leads to the different 

composition of arsenic in urine [52]. 
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1.4.2. Nephrotoxicity of Arsenic 

Previous studies have indicated the harmful effects of arsenic exposure in kidney 

contributing to the abnormal renal functions. Arsenic is a nephrotoxin causing kidney 

dysfunctions such as hypercalciuria, albuminuria, nephrocalcinosis, and necrosis of the 

renal papillae [53]. Epidemiological studies have indicated that long-term exposure to 

arsenic from drinking water not only leads abnormal renal function but also increases the 

mortality from kidney diseases [54-56].  

In addition to its nephrotoxicity, arsenic is also a well-documented carcinogen. The 

international Agency for Research on Cancer (IARC) has classified arsenic as Group 1 

carcinogen. Epidemiological studies have shown that arsenic increases the risk of several 

cancers in skin, lungs, bladder, kidney, liver and others [57, 58]. Arsenic exposure also 

induces tumorigenesis on several organs in animal model [59, 60]. Recently, various 

studies have demonstrated that the genomic instability and gene polymorphisms are highly 

associated with the risk of arsenic-related kidney diseases and cancers. For example, the 

gene polymorphisms related to renin–angiotensin–aldosterone system are associated with 

the increased risk of CKD by arsenic exposure [61]. The gene polymorphisms on X-ray 

repair cross-complementing group 1 (XRCC1), DNA methyltransferase 1 (DNMT1) and 

DNMT3 have been indicated with highly correlation with the occurrence of arsenic-related 

RCC [62, 63]. Moreover, population with diplotypes of insulin-like growth factor binding 

protein-3 (IGFBP-3) and haplotypes of vascular endothelial growth factor (VEGF) have 



Texas Tech University, Yu-Wei Chang, May 2019 

10 

 

higher risk of RCC affected by arsenic exposure [64, 65]. The polymorphisms of genes 

such as p53 and MDM2 also influence the risk of arsenic-related RCC [66]. 

1.4.3. Various Mechanisms of Arsenic-Induced Kidney Diseases and Cancers 

Previous study has reported that exposure to arsenic induces several renal damages, 

including renal cellular swelling, tubular dilatation, lymphocytic infiltrations and loss the 

contact between cells in mice [67]. Accumulating evidence indicate the nephrotoxicity of 

arsenic exposure is mediated by various mechanisms, including the insufficient energy 

production [68], the increased level of oxidative stress, DNA damages, epigenetic 

dysregulation [69] and activation of multiple signaling pathways [70, 71]. For example, 

multiple studies have indicated the important role of multidrug resistance-associated 

protein (MRP1) in arsenic-induced AKI [72-75]. P53-related apoptotic pathway [76], 

KIM-1 [77], inositol triphosphate (IP3) [78] and ERK are another reported signaling 

contributing to arsenic-induced renal damages. Additionally, chronic exposure to arsenic 

induces cancer phenotype in renal stem cells in vitro including increased matrix 

metalloproteinase 2 (MMP-2) and MMP-9 activity [79].  

1.4.4. Arsenic-Induced Oxidative Stress and Signaling Related to Kidney 

Diseases 

Oxidative stress through generation of reactive oxygen species (ROS) has been reported as 

one of the major mechanisms related to the adverse effects of arsenic exposure in vitro [80-

82] and in vivo [83, 84]. Sub-chronic exposure to arsenic trioxide in mice leads oxidative 
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DNA damages supported by the increased expression of 8-hydroxy-2-deoxyguanosine (8-

OHdG) [67], which serves as a risk factor for RCC [85].  

Multiple oxidative stress-dependent signaling pathways have been reported to play roles in 

arsenic-induced kidney injury and renal diseases. For example, arsenic-induced oxidative 

stress is related to the activation of NFB signaling pathway [80], up-regulation of nuclear 

factor erythroid 2-related factor 2 (NRF-2) and heme oxygenase-1 (HO-1) [86]. Arsenic-

induced oxidative stress activates transcription factors, such as activator protein-1 (AP-1), 

and further increases the expression of HO-1 and MAPK contributing to renal toxicity [82, 

87]. Activation of caspase-3 and -9 also involves in arsenic-caused oxidative stress and 

further leads to apoptosis in rat kidney epithelial cells [88]. Additionally, the activations of 

Nrf2, NFB, MAPK/AP-1 pathways and arsenic response protein 2 (ARS2) are related to 

arsenic-induced nephrotoxicity in human renal proximal tubular epithelial cells [89]. 

 

1.5. Nicotine and Kidney Diseases 

Nicotine is an alkaloid naturally found in multiple plants such as tomatoes, potatoes and 

eggplants. Nicotine itself has been reported to induce several health issues including the 

progression of kidney diseases and kidney cancers. Although human can expose to nicotine 

through diet, tobacco smoking is the major source for nicotine exposure in human. 
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1.5.1. Tobacco Smoking and Nicotine Exposure 

Epidemiological studies have reported that tobacco smoking is one of the major causes of 

global ill-health and death [90]. Smokers who never stop smoking will lose around 10 years 

of life expectancy as comparted to non-smokers [91]. The most common type of smoked 

products is cigarette, but multiple products available on the market such as cigarillos, pipes 

or water pipes. Smokeless tobacco is another popular form through chewing and sniffing 

tobacco leaves, which also causes significant health issues like tobacco smoking [92]. 

There are around 7000 chemicals in tobacco smoking including oxidative gases, heavy 

metals and carcinogens such as tobacco-specific nitrosamines NNK and NNN, as the 

metabolites of nicotine [93, 94]. Accumulated evidences indicate that smoking is an 

important risk factors for various diseases such as cardiovascular disease, stroke, blindness, 

deafness, back pain, osteoporosis, and lung diseases especially like lung cancer [95].  

Nicotine is a major constituent of cigarettes acting as a botanical insecticide. The estimated 

amount of nicotine per cigarette is 1 mg [96]. Nicotine is also a primary addictive 

compound in tobacco smoking which generates the strong urges to continuously smoke. 

The major route for human exposing to nicotine is through inhalation from smoking and 

smoke particles can carry nicotine into lung. Once tobacco smoke reaches the small 

airways and alveoli in the lung, nicotine can be absorbed rapidly and further goes into the 

pulmonary venous circulation [97]. The concentration of nicotine in blood will rise quickly 

during smoking. Multiple adverse effects of nicotine have been reported to cause health 

issues in different organs including heart, reproductive system, lung, kidney etc. [98]. Liver, 
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kidney, spleen and lung are reported with highest affinity for nicotine [99]. Previous study 

indicates that high concentrations of nicotine are detected in the blood and kidneys in 

chronic smokers [100]. In general, around 90% of inhaled nicotine can be metabolized into 

a number of metabolites in liver through following enzymes, including cytochrome P450 

2A6 (CYP2A6), UDP-glucuronosyltransfease (UGT), and flavin-containing 

monooxygenase (FMO) [99]. The remaining 10% of inhaled nicotine will stay unchanged 

and be excreted in urine [101]. Around 80% of absorbed nicotine will be converted into 

cotinine through C-oxidation, as the most important metabolite of nicotine [99, 101]. The 

half-life of nicotine is approximately 2-3 hours in blood, and renal excretion is the main 

route to remove nicotine from human body [101].  

1.5.2. Nephrotoxicity of tobacco smoking/nicotine 

Smoking has negative impact on renal function and serves as a risk factor for kidney 

diseases and cancers [42, 43]. The strong correlation between cigarette smoking and the 

excretion of urinary albumin has been reported in both healthy population and patients with 

diabetes and hypertension [102-104]. The risk for renal diseases such as proteinuria and 

ESRD is increased in smokers as comparted to non-smokers [103, 105, 106]. Smoking and 

nicotine have effects on renal hemodynamics, in water diuresis on the electrolyte excretion, 

and on the proximal tubule [107]. Exposure to nicotine in drinking water causes negative 

impacts on morphological changes in kidney and renal function associated with AKI [108]. 

Cigarette smoking has been linked to increased risk of renal cell carcinoma (RCC) [109]. 
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Although the IARC monograph has not included nicotine as a carcinogen, the role of 

nicotine in cancer development has been observed and reviewed [110]. 

1.5.3. Various Mechanisms of Smoking/Nicotine-Induced Kidney Diseases and 

Cancers 

The potential mechanisms underlying smoking-induced renal injuries have been discussed 

such as through increasing the dysfunction of endothelial cells, the activation of growth 

factors, the increased oxidative stress, the modulation of immune mechanisms, and 

affecting the activation of sympathetic nerve of the renin-angiotensin and the endothelin 

systems [111-113]. Among those various mechanisms, oxidative stress has been reported 

as an important mechanism in smoking-induced kidney diseases [114]. In addition, 

nicotinic acetylcholine receptor (nAChRs) is an important receptor involving in 

smoking/nicotine-induced nephrotoxicity. Several nAChR subunits are expressed in the 

normal kidney, and previous studies have reported the essential role of nAChRs involving 

in nicotine-induced apoptosis [115] and the progression of CKD [116].  

1.5.4. Smoking/Nicotine-induced Oxidative Stress and Signaling Related to 

Kidney Diseases 

The generation of ROS is a well-reported mechanism associated with nicotine-induced 

adverse effects on kidney in vivo and in vitro [117-119], and oxidative stress is an 

important risk factor for the progression of CKD and kidney cancers [120, 121]. Previous 

evidences indicate that chronic exposure to nicotine increases the level of ROS and 

oxidative damages in kidney and bladder [122, 123]. Nicotine induces apoptosis and the 

generation of ROS, as well as actives NF-kappaB signaling pathway in human kidney 
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epithelial cells (HK-2) [115]. Nicotine induces nAChR-dependent apoptosis in podocytes 

from Bowman's capsule in the kidneys, and the apoptotic pathway is associated with the 

generation of ROS and activation of MAPK signaling pathway [124]. In addition, the 

antioxidant enzyme systems are also affected by nicotine exposure resulting in increased 

oxidative stress. Chronic exposure to nicotine induces ROS level through affecting 

NADPH oxidase contributing to AKI and the progression of CKD [108]. Nicotine induces 

cell proliferation in renal mesangial cells through protein kinase C (PKC)-dependent 

NADPH oxidase activation, which further leads to the generation of ROS [118]. Moreover, 

nicotine increases lipid oxidation, oxidative stress and injuries in kidney related to the 

suppression of mitochondrial antioxidant manganese superoxide dismutase (MnSOD), 

which contributes to the imbalance of oxidative stress in mitochondria associated with the 

progression of kidney diseases and cancers [121, 125]. 

 

1.6. Oxidative Stress 

Oxygen is an essential gas playing multiple roles in biological systems. Oxygen 

participates in high-energy electron transfers which contributes to the generation of ATP 

through oxidative phosphorylation [126]. Although this process is important for energy 

synthesis, it is also possible that other biological molecules like proteins, lipids or DNA 

might be attacked under this condition due to the presence of the byproducts of aerobic 

metabolism called reactive oxygen species (ROS) [127]. In human body, there are multiple 
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antioxidative systems are known to defense ROS-induced damages, and these systems also 

play roles to maintain the ROS in balance [128]. However, if the balance gets disrupted, 

the imbalance between pro-oxidant and antioxidant so-called oxidative stress could lead to 

the potential damages in the pathophysiology of many different disorders [129]. 

Previous evidence has indicated that ROS is not only as the byproduct from aerobic 

metabolism, but also as the secondary messengers in multiple intracellular signaling 

pathways [130]. ROS include three members such as the superoxide anion (O2
−), hydrogen 

peroxide (H2O2), and hydroxyl radicals (OH·), which have shown to induce damages on 

biological molecules and cause pathology [131]. Among them, the most common type of 

ROS is superoxide anion and mitochondria are considered as the principal source of ROS 

[132]. Other sources of ROS are from the enzymes including nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidase, cytochrome P450 and oxido-resuctases [133].  

Multiple anti-oxidative systems are found in human body, which can be classified as 

enzymatic and non-enzymatic systems. In enzymatic system, all the enzymes in this 

category have a transition metal at their core responsible for the electron transfer. For 

example, superoxide dismutase (SOD) with manganese (in mitochondria) or copper and 

zinc (in cytosol) converts superoxide anion into hydrogen peroxide further broken down 

into water by catalase (CAT) or glutathione peroxidase (GSH) [133]. The non-enzymatic 

system includes ascorbate (vitamin C), a-tocopherol (vitamin E) and thiol compounds 

involving in the detoxifying of hydrogen peroxide [133]. Multiple evidences have reported 
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the impact of redox signaling and oxidative stress on cell proliferation [134, 135], 

inflammation [136] and aging [137].  

1.6.1. Oxidative Stress in Genetic Changes 

Intracellular oxidative stress has been reported to cause the DNA lesions such as 

apurinic/apyrimidinic sites (AP sites), oxidized purines and pyrimidines, single strand 

(SSBs) and double strand (DSB) DNA breaks [138]. Chronic exposure to DNA damages 

can contribute to DNA mutations and genomic instability, which induce the risk for 

malignant transformations in healthy tissue and further leads to cancer development [138]. 

8-hydroxy-2' -deoxyguanosine (8-OHdG), as OH• radicals adding on the guanine base on 

DNA, is a well-documented biomarker for intracellular oxidative stress, and ROS-induced 

oxidative DNA damages, and 8-OHdG is also an indicator for the damages related to 

human cancers [139, 140].  

1.6.2. Oxidative Stress in Epigenetics 

In addition to genetic mutations, oxidative stress has also been reported to alter epigenetic 

modifications including DNA methylation and histone modification [141]. Oxidative stress 

acts as an active factor in epigenetic machinery [142] and further incudes disease 

development. For example, Oxidative stress-dependent epigenetic instability plays 

important roles in human hepatocarcinogenesis [143]. Epigenetic enzymes are influenced 

by oxidative stress leading the increased level of DNA methylation whereas decrease 

histone acetylation in osteoblasts associated with osteoporosis and osteoarthritis [144].  
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1.7. Epigenetic Changes 

Epigenetic is a term indicating the process that alters gene expression without changing the 

DNA sequence. The major epigenetic mechanisms include DNA methylation, histone 

modifications, microRNAs (miRNAs) interference. In this study, we mainly focused on 

DNA methylation and histone modifications in kidney diseases. 

1.7.1. DNA Methylation 

DNA methylation is the most well-known epigenetic mechanism, which is related to the 

addition or removal of a methyl group (CH3) on cytosine base. In general, methylation of 

cytosine bases is the predominant type in DNA methylation, however, evidence has also 

found the methylation of non-cytosine bases [145]. In addition, the methylated cytosine is 

primary found in certain specific DNA region called CpG islands, which are short DNA 

sequences with the genomic pattern like GC-rich or CpG-rich [146]. Previous report has 

found that approximately 70% of gene promoters are associated with CpG islands [147], 

and the methylation level of cytosine bases in CpG islands plays an essential role in gene 

transcription [148]. CpG islands colocalize with the majority of promoters in mammalian 

genomes, and they are believed as the sites of transcriptional initiation binding with RNA 

Polymerase II (RNAPII) and transcription factors [146]. The methylation on CpG islands 

is associated with the silencing of gene expression due to directed inhibition of 

transcription factor and RNAPII binding by DNA methylation [146]. In mammals, the 
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maintenance of mitotic inheritance of methylated DNA is primarily ensured by DNA 

methyltransferase 1 (DNMT1), whereas other two DNMTs named DNMT3A and 

DNMT3b are responsible for de novo methylation during mammalian development [149]. 

1.7.2. Histone Modifications 

The posttranslational modifications (PTMs) of histone proteins have also been reported to 

play important roles in the organization of chromatin structure and the regulation of gene 

expression. Chromatin is a complex of DNA and proteins that forms chromosomes within 

the nucleus of eukaryotic cells. The proteins in chromatin are histones associate with 

condensing DNA into chromatin. The histone proteins can be classified as histone H1, H2A, 

H2B, H3 and H4. Histone H1 is also called linker histone, which is responsible for the 

connection between each nucleosome, whereas each nucleosome consists of DNA spooled 

around an octamer of histones, which contains two units of histone H2A, H2B, H3 and H4. 

Previous study has indicated the variety of posttranslational modifications are observed on 

specific serine, lysine, and arginine residues by several modifying enzymes on these 

histones [150]. Multiple different classes of modifications and the enzymes for each 

modification have been identified on histone, such as acetylation, methylation, 

phosphorylation, ubiquitylation, sumoylation, and deamination [150]. Nowadays, the best 

characterized modifications are histone methylation of arginine and lysine residues, as well 

as the acetylation of lysine residues. Both of them have been implied to be associated with 

the activation or repression of gene transcription [151]. There are two classes of enzymes 

involved in histone methylation including methyltransferases and demethylases. The 
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methylation of histones is catalyzed by a family of histone methyltransferases (HMTs) 

[152], which use S-adenosylmethionine (SAM) as a donor for the methyl group during 

DNA methylation. The histone demethylases (HDMs) are capable of removing methyl 

groups not only from histones but other proteins [153], which has been shown to play roles 

in cancer development [154]. On the other hand, the acetylation of lysine residues on 

histone protein is highly dynamic and regulated by two families of enzymes with opposite 

actions called histone acetyltransferases (HATs) and histone deacetylases (HDACs) [155]. 

During histone acetylation, HATs will use acetyl-CoA as a cofactor and catalyze the 

transfer of the acetyl group from cofactor to lysine, whereas HDACs play an opposite role 

as compared to HATs that remove the acetyl groups from lysine to reverse the acetylation.  

1.7.3. Arsenic-induced Epigenetic Changes in Kidney 

Several evidences have indicated arsenic influences gene expression through epigenetic 

alternations [156]. Arsenic-mediated multiple changes in DNA methylation are associated 

with the malignant transformations [157]. Alteration of global methylation of CpG islands 

is believed as one of mechanisms of carcinogenicity of arsenic because of the DNA 

hypomethylation oncogene and hypermethylation of tumor suppressor genes [156]. 

Arsenic trioxide induces colony formation of human embryonic kidney cells in soft agar, 

and causes global H3K9 hypoacetylation, hyperacetylation on the promoter of FOS, and 

E2F1-mediated FOS induction, which is related to cellular transformation [158]. Moreover, 

arsenic-facilitated epigenetic changes have also been indicated to be associated to arsenic-

induced renal toxicity. Arsenic increases histone 3 acetylation and decreased DNA 
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methylation on the promoter of interleukin-8 (IL-8), letting human embryonic kidney cells 

become more responsive to arsenic [69]. Arsenic-induced histone modifications, especially 

related to methylation on histone 3, are believed to affect the expression of target gene 

[159].  

1.7.4. Smoking/Nicotine-Induced Epigenetic Changes in Kidney 

DNA methylation is the most commonly studied epigenetic modification of smoking in 

kidney. The effects of nicotine on DNA methylation has been reported in previous studies 

by following mechanisms [160, 161]. First, cigarette smoking can cause DNA damages 

which activates DNA repair process related to recruiting DNA methyltransferase 1 

(DNMT1) to methylate CpGs adjacent to the repaired nucleotides [162, 163]. Second, 

cigarette smoking can also alter DNA methylation through nicotine [164]. Nicotine has 

been shown to downregulate mRNA and protein expression of DNMT1 [165]. Third, 

cigarette smoke may cause the alteration of DNA methylation indirectly through affecting 

the expression and activity of DNA-binding factors. For example, cigarette-smoke 

condensate increases the expression of transcription factor Sp1, which binds to GC-rich 

motifs in gene promoters, and further alter methylation of CpGs [166-168]. Fourth, 

cigarette smoke may alter DNA methylation through hypoxia-dependent mechanism. 

Previous study has report that hypoxia condition leads to the upregulation of methionine 

adenosyltransferase 2A, which is an enzyme responsible for the synthesis of S-

adenosylmethionine, an essential methyl donor for the process of DNA methylation [169].  
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1.8. Preventive Approaches for Kidney Diseases 

Kidney diseases are hard to be detected because usually there is no obvious symptom at 

the early stage. Additionally, therapeutic resistant is commonly found in kidney cancer 

patients as comparted to the patients with other cancers. Hence, considering the hard 

detection and therapeutic challenge, preventing and managing health conditions are 

believed as important steps to avoid the occurrence of kidney damages. The main objective 

in this study is to prevent the initiation of kidney diseases at early stage by using the 

treatments of antioxidant and epigenetic reagents.  

1.8.1. Antioxidant Therapy 

Multiple evidences have indicated the protective and therapeutic roles of antioxidants for 

kidney diseases, including the prevention of the progression to ESKD [170-173]. There are 

several antioxidant compounds have been reported to improve renal function and decrease 

tubular damage, such as Ascorbate, Edaravone, and N-acetylcysteine (NAC). Ascorbate, 

also called vitamin C, serves as a promising therapeutic in human renal injury in critical 

illness and nephrotoxicity [174]. Edaravone, as an approved treatment for stroke patients, 

shows the effects on the inhibition of oxidative damages as well as the efficacy in renal 

ischemia [175]. NAC is a synthetic derivative of cysteine with ROS scavenging activity, 

which has been tested in several clinical studies [176]. Additionally, NAC plays a 

protective role in nephrotoxin-induced AKI, and improves renal function [177]. Although 
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the application of antioxidant therapy has shown the positive impact on patients with 

kidney diseases, there are still some challenges such as the situations of the re-generation 

of oxidative stress during antioxidant therapy, and the appropriate dose of use in patients 

[172]. Hence, in addition to the application of antioxidant therapy, it is believed that 

controlling the exogenous oxidants through modifying diet and lifestyle could be a suitable 

approach for patients with kidney diseases [172]. 

1.8.2. Potential Application of Epigenetic Drugs in Kidney Diseases 

The observation of appropriated biomarkers at the early stage is helpful for the prevention 

of kidney diseases. Epigenetic changes are believed to serve as biomarkers and key factors 

related to the progression of renal disease and tubulointerstitial fibrosis [178]. Additionally, 

aberrant level of methylation contributes to abnormal renal function and cause progression 

of CKD and kidney cancer [179, 180]. The use of epigenetic drugs, as the inhibitors of 

DNA methylation or histone modifications, could serves as the supportive option for 

patients with kidney diseases. Therefore, epigenetics plays essential roles in biomarker 

development at early stage of disease progression, as well as in the role of treatment for 

kidney diseases. Resent study has indicated the potential therapeutic implications of 

epigenetics in kidney diseases [181]. Several inhibitors, such as DNA methyltransferase 

inhibitor (5-aza-2′-deoxycytidine), histone deacetylase inhibitor (Trichostatin A, TSA), 

and histone methyltransferase inhibitor, have been shown to ameliorate inflammation and 

fibrosis in disease models successfully [182, 183]. There are two FDA-approved DNA 

methyltransferase inhibitor drugs, azacitidine and decitabine (5-aza-2′-deoxycytidine), are 
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available for treatment in cancer by stopping aberrant DNA methylation [184, 185]. 

However, specificity of genomic sites targeted by epigenetic intervention can be an issue, 

and epigenetic therapies in kidney disease need more investigations in the future. 
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ABSTRACT 

 

Arsenic contamination is a significant public health issue and kidney is one of the target 

organs for arsenic-induced adverse effects. Renal fibrosis is a well-known pathological 

stage frequently observed in progressive chronic kidney disease (CKD). Epidemiological 

studies implicate arsenic exposure to CKD, but the role of arsenic in kidney fibrosis and 

the underlying mechanism is still unclear. It is in this context that the present study 

evaluated the effects of long-term arsenic exposure on the cellular response in morphology, 

and marker genes expression with respect to fibrosis using HK-2 kidney epithelial cells. 

Results of this study revealed that in addition to increased growth, HK-2 cells underwent 

phenotypic, biochemical and molecular changes indicative of EMT in response to the 

exposure to arsenic. Most importantly, the arsenic exposed cells acquired the pathogenic 

features of fibrosis as supported by increased expression of markers for fibrosis, such as 

Collagen I, Fibronectin, TGF-beta, and alpha-SMA. Additionally, upregulation of fibrosis 

associated signaling molecules such as TIMP3 and MMP2 as well as activation of AKT 

was also observed. Additionally, the expression of epigenetic genes (DNMT3a and 3b; 
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MBD4) was increased in arsenic-exposed cells. Treatment with DNA methylation inhibitor 

5-Aza-2’-dC reversed the EMT properties and restored the level of phospho-AKT. 

Together, these data for the first time suggest that long-term exposure to arsenic can 

increase the risk of kidney fibrosis. Additionally, our data suggest that the arsenic-induced 

fibrotic changes are, at least in part, mediated by DNA methylation and therefore 

potentially can be reversed by epigenetic therapeutics. 
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2.1. Introduction 

Renal fibrosis, characterized by glomerulosclerosis and tubulointerstitial fibrosis, is a well-

known pathological stage in kidney and is frequently observed in various forms of 

progressive chronic kidney disease (CKD) [1]. Several cellular events such as epithelial-

to-mesenchymal transition (EMT) and defective cellular metabolism have been reported to 

play a crucial role in development of kidney fibrosis [1]. In fact, renal fibrosis is considered 

as a failed wound-healing process of the kidney tissue after chronic injury from 

nephrotoxin [2]. The most important characteristic feature of renal fibrosis is an excessive 

accumulation of extracellular matrix (ECM), which contributes the failure in renal filtration 

and further leads to end-stage renal failure [3]. During fibrogenesis, the fibroblast gets 

activated into myofibroblast which is the main source of excessive production of ECM 

leading to fibrotic kidney [4]. The differentiation from fibroblast to myofibroblast can be 

active by multiple factors including excessive inflammation in response to chronic injury 

in kidney [5]. 

There are various risk factors for the different forms of chronic kidney diseases including 

kidney fibrosis [6]. Exposure to environmental chemicals has been shown to be one of the 

major risk factors for CKD and kidney fibrosis [7]. Arsenic is ubiquitously present in the 

environment and kidney is one of the target organ for adverse effects of arsenic [8]. 

Multiple chemical forms of arsenic can be found in the environment categorized as 

inorganic (arsenite, arsenate) and organic compounds (arsenobetaine, arsenocholine and 

arsenosugars). Inorganic forms of arsenic is the most common form in the environment 
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and are known to be more toxic than other forms [9]. Human exposure to arsenic occurs 

through various routes such as through inhalation, ingestion and dermal contact. Among 

them, inhalation and ingestion are the most common routes for human to uptake arsenic, 

such as from smoking and drinking water [10]. In human, inorganic arsenic like arsenate 

can be reduced into arsenite, then go through metabolism pathway and further can be 

metabolized as controversial end-products called pentavalent monomethylarsonic acid 

(MMAV) and dimethylarsenic acid (DMAV) [11]. Liver is the primary organ for 

metabolism of arsenic. However, arsenic metabolism can occur not only in liver but also 

in kidney [12]. Moreover, excretion of arsenic through kidney is a major pathway to 

remove arsenic from human body. These reports suggest that kidney is prone to arsenic 

exposure and therefore the arsenic-induced toxicity.   

Nephrotoxicity as result of arsenic exposure leads to various forms of renal dysfunction 

including CKD and kidney cancer. Epidemiological studies have indicated that long-term 

exposure to arsenic from drinking water can cause chronic kidney disease defined as 

reduced glomerular filtration rate and/or increased albumin excretion in urine [7, 13]. It 

has also been found that arsenic exposure can lead several kidney diseases such as 

hypercalciuria, albuminuria, nephrocalcinosis, and necrosis [14]. Diabetes has been shown 

to be linked with CKDs because of its outcome related to cystic fibrosis [15] and chronic 

exposure to arsenic results in diabetes associated mortality [16]. Additionally, previous 

study has also demonstrated that arsenic induces kidney injuries including tubular necrosis, 

diffuse interstitial fibrosis and further progress of CKD in clinic [17]. Arsenic has also been 



Texas Tech University, Yu-Wei Chang, May 2019 

43 

 

shown to induce renal fibrosis in vivo model of rainbow trout [18, 19]. These reports 

suggest that arsenic exposure is a risk factor for CKD in human population. Although 

arsenic has been shown to be associated with various pathological forms of kidney diseases, 

the role of arsenic in renal fibrosis is still unknown. Therefore, the objective of this study 

was to evaluate the adverse effects of long-term exposure to arsenic on the growth and 

morphology changes associated with renal fibrosis in kidney epithelial cells. Furthermore, 

the potential molecular mechanism underlying the adverse effects of arsenic was also 

studied.  

 

2.2. Materials and Methods 

2.2.1. Chemicals and Reagents 

Sodium meta-arsenite NaAsO2 (arsenic), 5-aza-2-deoxycytidine (5-Aza-2’-dC), glycerol, 

Triton X-100 and 3-(4, 5 dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) 

were purchased from Sigma (St. Louis, MO). Serum free Keratinocyte medium with 

growth factors, trypsin/ EDTA solution, and Trizol reagent were purchased from Invitrogen 

Inc. (Carlsbad, California). Antibiotic/anti-mycotic solution were from Life technologies 

(Carlsbad, California). Cell cycle reagent (Guava) was from Millipore (Hayward, 

California). Phosphate buffered saline (1X) was from HyClone (Pittsburgh, PA). RIPA 

lysis buffer (1×) and PCR reagents were procured from Santa Cruz Biotechnology, Inc. 

(Dallas, Texas) and BioRad, Inc. (Hercules, California). Antibodies used in western blot 
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and immunofluorescence analyses were purchased either from R&D Systems or Cell 

Signaling Technology. 

2.2.2. Cell Culture and Treatments 

Renal cortex/proximal tubule cells (HK-2) were purchased from ATCC. HK-2 cells were 

maintained in Keratinocyte Serum Free Medium (K-SFM) with bovine pituitary extract 

(BPE) and human recombinant epidermal growth factor (EGF) supplements. Cells were 

exposed to 100pg/ml and 10ng/ml arsenic for 72 h for acute treatment. Similarly, for long-

term treatment, the well attached cells at semi-confluent density in a 25 cm2 culture flask 

were treated with arsenic. These cells, once reached the confluency of about 80%, were 

subcultured in a new flask and were given fresh treatment as mentioned above. This process 

of treatment and subculture was repeatedly followed to maintain cells in arsenic containing 

media for two months.  

2.2.3. Cell Proliferation Assay 

To determine the effect of acute exposure to arsenic on growth, cells were seeded in 96 

well plate in K-SFM medium, allowed to attach for 24 h and then treated with 100pg/ml or 

10ng/ml arsenic in medium. After 72 h of treatment, MTT solution (1 mg/ml final 

concentration) was mixed with medium and added into each well for 4 h incubation at 37˚C. 

To solubilize the formazan crystals formed by mitochondrial activity in viable cells, cell 

culture medium was completely removed, washed with 1X PBS, and then 150μl DMSO 

was added in each well. After gentle shaking for 5 minutes, the color intensity of each well 
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was measured at 570nm and 630nm absorbance by using microplate reader. Similarly, in 

parallel, the long-term arsenic treated cells were also seeded in 96 well plate, treated with 

arsenic and the effect on growth was measured by MTT assay as described above. Each 

treatment was performed triplicates. 

2.2.4. Flow Cytometric Analysis 

Flow cytometry was further performed to determine the effect on cell cycle of both acute 

and long-term arsenic exposed cells. Cells from each group were collected after 

trypsinization and fixed in 70% ethanol for 24h at 4˚C. Fixed cells were collected by 

centrifugation, washed with 1X PBS, and then stained with Guava cell cycle reagent for an 

hour. Samples were then analyzed by Guava Easy-Cyte HT flow cytometer, and data were 

analyzed by Guava Incyte software to calculate the percentage of cells in different stages 

of cell cycle.  

2.2.5. RNA Isolation and Quantitative Real-Time Reverse Transcription PCR 

(qRT-PCR) 

Total RNA was isolated from cells by using Trizol reagent. For gene expression analysis, 

quantitative real-time reverse transcription PCR (qRT-PCR) reactions were performed by 

using 75ng total RNA and one step SYBR green RT-PCR kit (BioRad Inc). PCR 

amplification reactions were performed by using CFX96 real-time PCR detection system 

(BioRad Inc). The primers used for gene expression analysis are listed in Table 1. The PCR 

amplification conditions that were used are as follows: 50˚C for 10 minutes for reverse 

transcription, 95˚C for 5 minutes to inactivation of reverse transcriptase, followed by 40 
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cycles with each cycle containing step 1 of denaturation at 95˚C for 10 seconds and step 2 

of primer annealing and extension at 60˚C for 30 seconds. Melting curve analysis was also 

performed to confirm the specificity of PCR amplicon. Cycle threshold (Ct) value of each 

gene was normalized by the Ct value of housekeeping gene GADPH within each sample. 

The fold change of gene expression was calculated by delta-delta Ct method [20]. 

2.2.6. Immunofluorescence analysis 

HK-2 cells were seeded on sterile coverslips that was placed in 6-well plate. At 72 h after 

seeding when cells were completely attached, the media was removed, and cells were 

washed with 1X PBS. Cells were fixed in 100% methanol and then permealized by 0.2% 

Triton X-100 in PBS. After permeabilization, cells were washed by 1X PBS for 5 minutes 

before incubating in blocking solution (10% FBS in 1X PBS) for an hour-incubation at 

room temperature. After blocking, cells were incubated with primary antibodies solution 

at room temperature for an hour. Cells were again given three washes with 1X PBS before 

incubating with secondary antibody (Alexa Fluor® 555 Conjugate, Cell Signaling) for an 

hour at room temperature. After incubation, for nuclear staining, cells were washed with 

1X PBS and incubated with DAPI (2µg/ml, Cell Signaling) for 2 minutes at room 

temperature. After DAPI dye, each coverslip was washed by 1X PBS for 5 minutes and 

then 50l mounting medium (90% Glycerol prepared in 1X PBS) was added between 

coverslip and slide. Each slide was sealed by clear nail polish and stored at 4 ˚C for further 

microscopy imaging.  
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2.2.7. Western Blot Analysis 

Total cellular protein lysates of HK-2 cells from each treatment group were prepared in 

RIPA lysis buffer and quantified by Bradford assay. Samples were separated by using gel 

electrophoresis on SDS-PAGE gel and then transferred onto nitrocellulose membrane 

(PVDF). Nonspecific binding sites were blocked by 1X Tris-buffered saline (TBS) with 

5% non-fat dried milk for overnight at 4˚C. The nitrocellulose membrane was incubated 

with diluted primary antibody (1:500) at room temperature for an hour. After giving two 

washes with washing buffer containing 1X TBS with 0.05% Tween 20 for 5 minutes, 

membranes were incubated with secondary antibody (1:1000) conjugated with horseradish 

peroxidase for an hour at room temperature. Membranes were washed with washing buffer 

for two times and the intensity of signals was detected by enhanced chemiluminescence 

detection system (Amersham, NJ). The intensity of protein bands was quantified through 

ImageJ software and normalized to expression of housekeeping protein GAPDH. 

2.2.8. Statistical Analysis 

One-Way ANOVA and two-tailed paired t test were used to evaluate statistical significance 

of the changes between each treatment group. Level of significance (α) was set at 0.05 and 

differences with p<0.05 were considered as significant differences. 
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2.3. Results 

2.3.1. Arsenic Increases Cell Growth of HK-2 Cells for Long-Term Exposure 

To determine the effects of arsenic on growth rate, MTT assay was performed with HK-2 

cells treated with 100pg/ml and 10ng/ml arsenic for both acute and long-term durations. 

The result revealed no significant change in the growth of HK-2 cells acutely treated with 

arsenic as compared to the untreated control (Fig. 1A). However, the long-term treatment 

resulted in increased the cell growth by 54.4% and 58.8% in 100pg/ml and 10ng/ml arsenic 

treated groups, respectively (Fig. 1A). Therefore, the data of MTT assay suggest that long-

term exposure to arsenic can induce the growth rate in HK-2 cells. 

2.3.2. Arsenic Affects the Phase of Cell Cycle in HK-2 Cells 

Cell cycle analysis by flow cytometry was performed to further confirm the effect of 

arsenic on the cell growth. The result revealed that acute exposure to arsenic did not cause 

any significant changes in percentage of cells in S phase. However, the percentage of cells 

in S phase in long-term treated group increased significantly. As compared to 9.95 % in 

control group, the percentage of S phase cells in were 12.68% and 12.10% in 100pg/ml 

and 10ng/ml arsenic treated groups, respectively (Figure 1B). Therefore, the results of cell 

cycle analysis further confirmed the effects of long-term arsenic exposure on increased cell 

survival in HK-2 cells. 
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2.3.3. Morphological Changes of HK-2 Cells after Long-Term Exposure to 

Arsenic  

The observation of cell morphology revealed that as compared to control cells with typical 

epithelial morphology, the long-term arsenic treated cells acquired elongated spindle-

shaped morphology similar to mesenchymal cells. This suggested that long-term arsenic 

exposure induced morphological changes of EMT. Although, both arsenic treated group of 

cells have EMT changes, however, the 10ng/ml arsenic treated group of cells has more 

pronounced EMT changes than the 100pg/ml arsenic treated group of cells (Figure 2). 

2.3.4. Effect of Arsenic on the Gene Expression of EMT and Fibrosis-Related 

Markers 

To further evaluate the arsenic-induced morphological changes of EMT and consequential 

fibrogenesis at molecular level, the expression of the representative marker genes was also 

analyzed at transcript levels. The expression of markers related to EMT (E-cadherin, N-

cadherin and Vimentin), fibrosis (Fibronectin and alpha smooth muscle actin (Alpha-

SMA)), and synthesis of extracellular matrix (Matrix metalloproteinase (MMP1, MMP2) 

and metallopeptidase inhibitor (TIMP-3)) were measured at transcriptional level by qRT-

PCR. The histograms representing the fold changes in the expression of target genes as 

compared to control are given in Fig. 3a. The expression of epithelial marker E-cadherin 

was decreased by 1.7 and 1.9 folds in cells with long-term exposure to 100pg/ml and 

10ng/ml arsenic concentrations, respectively, as compared to untreated control (Figure 3). 

There was no significant change in the expression of mesenchymal marker N-cadherin and 

EMT associated gene Vimentin in arsenic treated cells. The expression of Fibronectin was 
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increased significant by 1.5 and 2.1 folds in 100pg/ml and 10ng/ml arsenic treated group 

of cells, respectively. Similarly, the expression of Alpha-SMA was increased by 1.4 and 2.0 

folds in 100pg/ml and 10ng/ml arsenic treated group of cells, respectively (Figure 3). 

Among the marker genes of ECM synthesis, there was a significant decrease in the 

expression of MMP1 only in 10ng/ml arsenic-exposed cells by 1.9 folds. However, the 

expression of MMP2 was significantly increased by 1.3 and 2.1 folds in 100pg/ml and 

10ng/ml arsenic treated group of cells, respectively. Surprisingly, the expression of TIMP-

3 was increased by 3.9 and 13.9 folds in 100pg/ml and 10ng/ml arsenic treated cells (Figure 

3).  

2.3.5. Effect of Arsenic on the Protein Levels of EMT and Fibrosis-Related 

Markers 

The expression of some of the marker proteins for EMT and fibrosis were further 

confirmed at protein level by western blot analysis. The images of western blots are given 

in Fig. 3b and the quantified data of band intensity histograms are presented in Figure 4. 

There was significant increase in the expression of N-cadherin protein by 1.7 and 3.0 folds 

in 100pg/ml and 10ng/ml arsenic treated cells as compared to control. The protein level of 

vimentin was significantly increased by 2.2 and 2.8 folds in 100pg/ml and 10ng/ml arsenic 

treated cells respectively (Figure 4). For fibrosis-related proteins, arsenic significantly 

increased the expression of collagen I by 2.8 and 3.7 folds in 100pg/ml and 10ng/ml arsenic 

treated groups respectively as compared to control group. Similarly, there was significant 

increase by 2.1 and 2.7 folds in the expression of fibronectin in 100pg/ml and 10ng/ml 

arsenic treated cells as compared to control (Figure 4). Therefore, the changes in the 
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expression of marker proteins further confirmed the arsenic-induced EMT and fibrogenesis 

in HK-2 cells. 

2.3.6. Immunofluorescence Analysis of Fibrotic-Related Protein in Long-Term 

Arsenic-Exposed HK-2 cells 

The immunofluorescence analysis was performed to further confirm the effects of arsenic 

exposure on the expression and localization of proteins associated profibrotic pathways. 

Photomicrographs of immunofluorescence staining of the representative proteins of 

interest are given in Figure 5 and Figure 6. The expression of alpha-SMA was higher in 

both arsenic treated groups as compared to control. Interestingly, in addition to the 

expression changes, the localization of alpha-SMA was also changed in arsenic treated 

cells. As compared to control cells in which the staining of alpha-SMA was relatively less 

and localized predominantly in the cytoplasm, the arsenic treated cells had much intense 

staining of this protein and were not only in cytoplasm but also in nucleus as bright dots 

(Figure 5). The staining of TGF-beta was also more intense in arsenic treated cells than the 

control cells (Figure 5). Additionally, the increased intensity of TGF-beta staining in 

arsenic treated cells were dose-dependent as the 10ng/ml arsenic treatment had relatively 

higher staining than 100pg/ml arsenic treated cells (Figure 5). There was no change in the 

localization of TGF-beta as both control and arsenic treated cells had TGF-beta staining 

localized in the cytoplasm (Figure 5). However, as compared to uniform cytoplasmic 

distribution of TGF-beta staining in 100pg/ml arsenic treated cells, the localization of this 

protein in 10ng/ml arsenic treated cells were with denser staining in certain area than other 

parts of the cytoplasm. The immunofluorescence staining of fibrosis-related proteins, 
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collagen I and fibronectin were also higher in arsenic treated cells than the control cells 

(Figure 6). The increased stain intensity of collagen I in arsenic treated cells were dose 

dependent with 10ng/ml having greater intensity than 100pg/ml. There was no dose-

dependent difference in stain intensity of fibronectin in arsenic treated cells. Therefore, the 

immunofluorescence staining further confirmed the arsenic-induced fibrogenic changes in 

the HK-2 kidney epithelial cells. 

2.3.7. DNA Demethylating Agent Restores Epithelial Morphology 

Long-term arsenic exposed cells were further treated with DNA methylation inhibitor 5-

Aza-2’dC to evaluate the role of DNA methylation in arsenic-induced EMT and pro-

fibrotic changes. Elongated spindle-shaped morphology similar to mesenchymal cells, as 

observed in cells exposed to both 100pg/ml and 10ng/ml arsenic concentrations, were 

reverted back to typical epithelial morphology after 5-Aza-2’-dC treatment for 24 h (Figure 

7). 

2.3.8. 5-Aza-2’-dC Restores the Expression of E-cadherin, and Level of pAKT 

in Long-Term Arsenic-Treated HK-2 Cells 

The expression of E-cadherin was significantly decreased by 1.7 and 1.9 folds in cells with 

long-term exposure to 100pg/ml and 10ng/ml arsenic respectively as compared to control 

cells (Figure 8A). Treatment with 5-Aza-2’-dC restored the expression of E-cadherin by 

1.1 and 1.6 folds respectively in 100pg/ml and 10ng/ml arsenic treated cells as compared 

to control cells (Figure 8A). The level of pAKT was significantly increased by 1.3 and 1.9 

folds in 100pg/ml and 10ng/ml arsenic treated cells respectively. These increases in pAKT 
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was also reversed back to the level of control after 5-Aza-2’-dC treatment (Figure 8C and 

8D). There was no significant change in the expression of p65 in arsenic treated cells, but 

5-Aza-2’-dC treatment decreased the expression of this protein (Figure 8C and 8D). 

Therefore, our results suggest that arsenic-induced EMT, and fibrogenic changes as well 

as the activation of AKT were associated with DNA methylation changes in arsenic treated 

cells. 

2.3.9. Long-Term Arsenic Exposure Resulted in Altered Expression of 

Epigenetic Regulatory Genes in HK-2 Cells 

To further evaluate the role of DNA methylation in mediating the effects of arsenic, the 

expression of the representative epigenetic regulatory genes was analyzed at transcript 

and/or protein levels. The expression of DNA methyltransferases (DNMT1, DNMT3a, and 

DNMT3b) and methyl-CpG binding domain 4 gene (MBD4) were measured by qRT-PCR 

and the histograms of fold changes in expression are presented in Figure 9. There was no 

significant change in the expression of DNMT1 in arsenic-treated cells. However, the 

expression of DNMT3a was significantly increased by 2.4 and 1.4 folds in 100pg/ml and 

10ng/ml arsenic treated cells respectively as compared to control cells (Figure 9). Similarly, 

there was significant increase of DNMT3b expression by 1.7 and 1.5 folds in 100pg/ml and 

10ng/ml arsenic treated cells, respectively. Arsenic significantly increased the expression 

of MBD4 by 1.5 and 1.8 folds in 100pg/ml and 10ng/ml arsenic treated cells respectively 

(Figure 9). Therefore, the data suggest that long-term exposure to arsenic altered the 

transcript expression of marker genes associated with DNA methylation.  
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2.4. Discussion 

There are several reports suggesting a causal relationship between arsenic exposure and 

chronic kidney diseases [7, 13, 14, 17]. However, similar causal link between arsenic 

exposure and kidney fibrosis is not well understood. In this context, the finding of this 

study for the first time revealed that long-term exposure to arsenic can induce fibrogenic 

changes in human kidney epithelial cells. Additionally, this study provides a DNA 

methylation-dependent novel epigenetic basis for arsenic-induced fibrotic changes in 

kidney epithelial cells 

The origin of ECM producing myofibroblast in kidney is still controversial. Previous 

studies provide conflicting evidence on the origin and differentiation of myofibroblast 

during kidney fibrosis from more than one cell types, such as, from epithelial cells, resident 

fibroblasts, bone-marrow derived stem cells and endothelial cells [21]. Differentiation of 

mesenchymal fibroblast from epithelial cells through EMT and further activation of 

fibroblast leading to myofibroblast has been one of the earliest proposed mechanism behind 

the origin of ECM producing myofibroblast [22, 23]. However, the recent reports suggest 

that bone marrow derived mesenchymal cells are the main source of myofibroblast in 

fibrotic kidney [24, 25]. Our data reveal that long-term exposure to arsenic not only 

induced the mesenchymal properties through EMT but also resulted in increased 

expression of markers for ECM (collagen I, fibronectin). The results of increased 
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expression of alpha-SMA at both transcript and protein levels further confirm the 

differentiation of myofibroblast from fibroblast through EMT in HK-2 kidney epithelial 

cells after long-term exposure to arsenic. Additionally, the observed increase in expression 

of a well-established pro-fibrotic cytokine TGF-beta [26] further supports the arsenic-

induced fibrogenesis in HK-2 kidney epithelial cells. TGF-beta as a multifunctional 

cytokine plays a major role in wound healing and in tissue repair as well as inflammation 

[27]. The pathological role of TGF-beta in kidney fibrosis has also been reported [28]. 

Previous studies also suggest that TGF-beta acts as an upstream regulator of fibrosis 

associated signaling such as Smad, MAPK, Ras, and AKT pathways for the activation of 

myofibroblasts and ECM production leading to fibrosis in kidney [26, 29]. Based on these 

findings, TGF-beta is believed to be a potential therapeutic target for treatment of renal 

fibrosis [30]. These previous findings together with the results of this study on the increased 

expression of TGF-beta by arsenic in a dose-dependent manner further strengthen the 

causative role of TGF-beta overexpression in fibrotic changes potentially through 

inflammation in human kidney cells. Therefore, the observed changes of EMT along with 

the expression of marker genes for EMT, ECM (collagen I, fibronectin) or other markers 

such as alpha-SMA and TGF-beta for fibrogenic myofibroblast activation together support 

the origin of ECM producing myofibroblast from epithelial cells during kidney fibrosis. 

In our study, long-term exposure to arsenic increased the expression of MMP2 but down-

regulated the expression of MMP1. The regulation of MMP1 and MMP2 in renal 

pathophysiology including fibrosis has been reported earlier [31, 32]. MMP2 is also known 
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to play a critical role in kidney fibrosis through induction of EMT [33]. MMP-2 alters the 

structure of the tubular basement membrane through EMT and further contributes to 

tubular atrophy, fibrosis and ultimately renal failure [32]. An early increase of MMP-2 

expression and the decreased expression of MMP-1 are observed during tubulointerstitial 

fibrosis in in vivo model was similar to what we observed on the expression of MMP1 and 

MMP2 in our present study using arsenic treated in vitro model [34, 35]. These previous 

reports and finding of the study suggest the potential role of MMP1 and MMP2 in arsenic-

induced fibrogenic changes in HK2 cells. 

Immunofluorescence analysis showing nuclear localization of alpha-SMA in arsenic 

treated cells was another important and intriguing finding of this study. Alpha-SMA is 

known as an essential protein associated with contractile activity of fibroblast and the 

differentiation of cardiomyocyte [36]. Additionally, its cytoplasmic localization is well 

documented [37]. However, a few studies demonstrate the localization of alpha-SMA in 

nucleus [38-40]. The function of alpha-SMA in the nucleus is still not clear. Based on the 

presence of alpha-SMA in close proximity to the outer nuclear membrane in mouse 

fibroblast, a potential role of this protein in nuclear transport was earlier reported [38]. 

Additional study found dot-like expression of alpha-SMA in close proximity to the nucleus 

and/or nuclear domain in colorectal cancer cells [39]. Based on the nuclear localization of 

this protein during progression of tumorigenesis, the authors believed that this protein plays 

a role as a “messenger” in the nucleus during early stage of EMT or to initiate EMT during 

cancer progression [39]. The presence of alpha-SMA in the nucleus of smooth muscle cells 
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and its role in chromatin remodeling required for cell differentiation has also been recently 

reported [41]. Our data of immunofluorescence analysis showing dot-like nuclear 

localization of alpha-SMA along with the changes in the expression of epigenetic 

regulatory genes, as well as the abrogation of EMT by demethylating agent 5-Aza-2’-dC 

together, further support the potential role of this protein in chromatin remodeling 

associated with myofibroblast differentiation during fibrotic changes. However, this 

potential new function of alpha-SMA in the nucleus needs to be confirmed by further study. 

EMT plays an important role during fibrosis especially in renal fibrosis [23, 42] for 

epithelial-derived fibroblast/myofibroblast. Recently, targeting the EMT is being 

considered as a potential method to reverse renal fibrosis [43]. Various strategies, such as 

prevention of EMT, removal of fibroblast/myofibroblast, and conversion of 

fibroblast/myofibroblast into epithelial cells have been proposed to inhibit the EMT-

dependent fibrosis [44]. Several strategies using either natural products such as grape seed 

extract or synthetic compounds for example prostaglandin have been shown promising 

results in prevention of EMT and dedifferentiation of myofibroblast [45, 46]. Our data on 

the restoration of expression of EMT marker E-cadherin and level of pAKT by 

demethylating agent 5-Aza-2’-dC suggest the epigenetic therapeutics can potentially be 

used to inhibit EMT during fibrosis. In addition, the AKT-related signaling pathway might 

play the essential role in arsenic-mediated renal fibrosis. The role of AKT in EMT is well-

discussed [47]. Additionally, the contribution of AKT-induced EMT in renal fibrosis under 

hypoxia condition has also been reported [48]. Inhibition of PI3K/AKT pathway has been 
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shown to attenuate the progression of renal interstitial fibrosis [49]. It has also been 

suggested that  AKT inhibitor can be an effective method for anti-fibrotic therapeutics [50]. 

These studies further strengthen our finding suggesting the activation of AKT signaling 

pathway as a critical mediator of arsenic-induced fibrogenic changes in HK-2 cells.  

In addition to genetic changes, the epigenetic modification of DNA methylation has been 

shown to play an important role in aberrant regulation of genes during pathogenesis 

including fibrosis [51]. Accumulating evidence from human and animal studies suggest the 

activation of genes associated with pro-fibrotic pathways and CKD through epigenetic 

dysregulation [52]. In this context, our data revealed significant increase in expression of 

DNMT3a, DNMT3b and MBD4 among the epigenetic regulatory genes involved in DNA 

methylation. Previous reports indicate the expression of DNMT3a is increased in fibrotic 

kidneys [53] and active cardiac fibroblasts [54]. Additionally, the role of DNMT3a in 

epigenetic silencing of anti-fibrotic gene Klotho [53], and genes for epithelial maintenance 

resulting in EMT that ultimately causes fibrogenesis has also been reported [55]. Moreover, 

the methyl binding protein 4 (MBD4) has also been shown to play an important role in 

maintenance of DNA methylation-dependent gene suppression through interaction with 

DNMTs [56, 57]. These reports of synergistic cooperation of MBD4 in DNMTs-mediated 

hypermethylation and transcriptional repression of genes, and our finding of increased 

expression of MBD4 further suggest a crucial role of this protein in epigenetic regulation 

of genes during fibrotic changes. Together, these previous reports and our finding of 
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increased expression of DNMT3a and MBD4 suggest that arsenic, through epigenetic 

mechanism, exerts fibrogenic changes in kidney epithelial cells. 

Interestingly, the increased expression of TIMP-3 was also observed in arsenic-exposed 

HK-2 cells. TIMP-3 as an inhibitor of MMPs can strongly bind with ECM and contributes 

to the regulation and remodeling of ECM [58, 59]. Previous study has found that TIMP-3 

is overexpressed in patient with multiple chronic kidney diseases including chronic 

allograft nephropathy-associated kidney fibrosis [60]. In the same study, it mentions TIMP-

3 might play as a protective role to prevent kidney fibrosis in UUO rodent model [60]. 

Therefore, the role of TIMP-3 in kidney fibrosis is still unclear. Based on the previous 

reports of TIMP-3 overexpression in patient with chronic allograft nephropathy-associated 

kidney fibrosis [60] and our finding of this study showing increased expression of TIMP-

3 during fibrotic changes in HK-2 kidney epithelial cells, it seems that TIMP-3 positively 

regulates the progression of kidney fibrosis. A clear function of TIMP-3 in fibrogenesis is 

still needed to be further investigated.  

In summary, the findings of this in vitro study suggest that long-term exposure to arsenic 

can increase the risk of kidney fibrosis through EMT in renal epithelial cell. Additionally, 

our data suggest that the arsenic-induced fibrogenic changes in kidney epithelial cells is 

mediated by epigenetic mechanism and therefore potentially can be reversed by epigenetic 

therapeutics. 
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Table 2- 1. List of genes with their forward and reverse primer sequences used for the 

gene expression analysis by real-time quantitative PCR. 

Gene Forward primer sequence (5’-3’) Reverse primer sequence (5’-3’) 
Size 

(bp) 

GAPDH GGTGGTCTCCTCTGACTTCAACA GTTGCTGTAGCCAAATTCGTTGT 116 

E-cadherin TGAGTGTCCCCCGGTATCTT GAATCATAAGGCGGGGCTGT 112 

N-cadherin CCTTTCACTGCGGATACGTG GATCCAGGGGCTTTGTCACC 110 

Vimentin AACTTAGGGGCGCTCTTGTC CCTGCTGTCCCGCCG 179 

Fibronectin CTGGCCAGTCCTACAACCAG CGGGAATCTTCTCTGTCAGCC 118 

Alpha-SMA CCCTTGAGAAGAGTTACGAGTTG ATGATGCTGTTGTAGGTGGTTTC 145 

MMP1 AAGGCCAGTATGCACAGCTT GGGCCACTATTTCTCCGCTT 185 

MMP2 ACAAAGGGATTGCCAGGACC CGCCTGGTTGGAGCCTG 158 

TIMP-3 ACCGAGGCTTCACCAAGATG CCATCATAGACGCGATTCGT 106 

DNMT1 GTGGGGGACTGTGTCTCTGT GAAAGCTGCATGTCCTCACA 115 

DNMT3a CCTGAAGCCTCAAGAGCAGT AGCCAAGTCCCTGACTCTCA 143 

DNMT3b ACCAGTGGTTAATAAGTCGAAGG CTCGGCTCTGATCTTCATCCC 143 

MBD4 CAGGCAAAATGGCAATACCT GTTTTTGCCCGAAGCTCGTA 136 
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Figure 2-1. The growth rate as measured by MTT assay and cell cycle analysis of HK-

2 cells after acute and long-term exposure to arsenic. 

(a) Bar graph represents cell survival as measured by MTT assay. HK-2 cells were given 

either acute or long-term arsenic exposure and the growth was measured by MTT assay as 

described in materials and methods section. MTT data were converted into percentage with 

control as 100 % and bar graph were plotted. (b) Histograms representing percentage cells 

in G0/G1, S, and G2/M compartments of cell cycle from control cells (left panel), and cells 

treated with arsenic at 100 pg/ml (center panel) and 10 ng/ml (right panel) concentrations. 

Statistically significant change of treated groups as compared to the respective control is 

indicated by an * symbol. Each bar/histogram represents the means of triplicate values. 

The error bars represent standard deviation (±SD). Statistically significant (p<0.05) 

changes are indicated by the symbol *.  
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Figure 2-2. Photomicrographs of cell morphology in HK-2 cells with long-term exposure to arsenic. 

Representative photomicrographs (100X) of HK-2 cells showing EMT after arsenic treatment. Cells were long -term exposed to 

100 pg/ml and 10 ng/ml of arsenic as described in materials and methods. The morphological changes of EMT in arsenic treated 

cells were photomicrographed. Scale bar = 50 µm. 
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Figure 2-3. Gene expression analysis of EMT and fibrosis marker genes by qRT-PCR 

and western blotting. 

(a) Histogram representing fold changes in expression of genes as measured by qRT-PCR 

analysis in HK-2 cells after long-term exposure to arsenic. qRT-PCR was performed as 

described in materials and methods. The histograms were plotted by using the means of 

triplicate values. Fig. 3b represents western blot images and Fig. 3c represents histogram 

for band intensity (normalized to GAPDH) as quantified by ImageJ. The error bars 

represent standard deviation (±SD). Statistically significant (p<0.05) changes in arsenic-

treated cells as compared to the respective control cells within each group are indicated by 

symbol *. 
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Figure 2-4. Immunofluorescence staining for alpha-SMA and TGF-beta was 

evaluated by fluorescence microscope. 

Representative Immunofluorescence microscopic photograph showing expression of 

alpha-SMA (upper panel) and TGF-beta (lower panel) in control and arsenic treated HK-2 

cells. Alpha-SMA and TGF-beta staining in red; Nuclear staining by DAPI is in blue. The 

immunofluorescence staining of alpha-SMA and TGF-beta in HK-2 cells was performed 

as described in materials and methods. Scale bar =100 µm. 
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Figure 2-5. Immunofluorescence staining for collagen I and fibronectin was evaluated 

by fluorescence microscope. 

Representative Immunofluorescence microscopic photograph showing expression of 

collagen I (upper panel) and fibronectin (lower panel) in control and arsenic treated HK-2 

cells. Collagen I and fibronectin staining in red; nuclear staining by DAPI is in blue. The 

immunofluorescence staining of collagen I and fibronectin in HK-2 cells was performed as 

described in materials and methods. Scale bar = 100 µm. 
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Figure 2-6. Representative photomicrographs of cell morphology and histograms of 

marker gene expression arsenic exposed cells with or without 5-Aza-2’-dC treatment. 

(a) Morphological changes of EMT in arsenic exposed HK-2 cells (upper panel) and 

restoration of epithelial morphology after 5-Aza-2’-dC treatment (lower panel). Scale bars 

= 50 µm. (b) Histogram representing fold changes in expression of genes as measured by 

qRT-PCR analysis in HK-2 cells after long-term exposure to arsenic with or without 5-

Aza-2’-dC treatment. qRT-PCR was performed as described in materials and methods. The 

histograms were plotted by using the means of triplicate values. (c-d) Western blot images 

and histogram for band intensity (normalized to GAPDH) as quantified by ImageJ. (e) 

qRT-PCR analysis of DNA methylation related genes in arsenic exposed HK-2 cells. 

Histogram represents fold changes in expression of genes. The error bars represent standard 

deviation (±SD). Statistically significant (p<0.05) changes in arsenic-treated cells as 

compared to the respective control cells within each group are indicated by symbol *. 

Statistically significant difference (p<0.05) in the gene expression in 5-Aza-2’-dC-treated 

cells as compared to the cells without 5-Aza-2’-dC-treatment within arsenic 100 pg/ml 

groups are indicated by symbol #, whereas within arsenic 10 ng/ml groups is indicated by 

symbol +. The error bars represent standard deviation (±SD). 
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CHAPTER III 

ARSENIC-INDUCED NEOPLASTIC TRANSFORMATION INVOLVES 

EPITHELIAL TO MESENCHYMAL TRANSITION, STEM CELL SPHERE 

FORMATION AND ACTIVATION OF BETA-CATENIN/C-MYC PATHWAY IN 

HUMAN KIDNEY EPITHELIAL CELLS 

Yu-Wei Chang, Kamaleshwar P Singh* 

Department of Environmental Toxicology, The Institute of Environmental and Human 

Health (TIEHH), Texas Tech University, Lubbock, Texas, USA 

ABSTRACT 

Arsenic contamination is a serious environmental and public health issue worldwide 

including the United States. Accumulating evidence suggests that kidney is one of the 

target organ for arsenic-induced carcinogenesis. However, the mechanism of arsenic-

induced renal carcinogenesis is not well understood. Therefore, the objective of this study 

was to evaluate the carcinogenicity of chronic exposure to environment-relevant 

concentration of arsenic on kidney epithelial cells, and identify the molecular mechanism 

underlying this process. HK-2 kidney epithelial cells were treated with arsenic for acute, 

long-term and chronic durations and cellular responses to arsenic exposure at these time 

points were evaluated by the changes in growth, morphology, and expression of genes. The 

results revealed a significant growth increase after long-term and chronic exposure to 

arsenic in HK-2 cells. The morphological changes of EMT and stem cell sphere formation 

were also observed in long-term arsenic exposed cells. The anchorage-independent growth 

assay for colony formation and cell maintenance in cancer stem cell medium further 

confirmed neoplastic transformation and the induced cancer stem cell properties of arsenic-

exposed cells. Additionally, the expression of marker genes further confirmed the 
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observations for increased growth, EMT and stemness during arsenic-induced 

carcinogenesis. Moreover, the increase expression of beta-catenin and c-Myc further 

suggested the role of these signaling molecules during carcinogenesis in HK-2 cells. In 

summary, results of this study suggest that chronic exposure to arsenic even at relatively 

lower concentration can induces neoplastic transformation through acquisitions of EMT, 

stemness and MET phenotypes, which might be related to beta-catenin/c-Myc signaling 

pathway. 
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3.1. Introduction 

Arsenic contamination is a major public health associated with several adverse effects on 

human health [1]. Arsenic is one of the most common elements in the earth’s crust that 

leaches into the ground water[2]. The industrial applications of arsenic mainly in 

agriculture products and wood preservatives are additional sources that  contaminates the 

soil,  and surface water  [3]. Arsenic has been classified as Group 1 carcinogen by the 

International Agency for Research on Cancer (IARC). The World Health Organization and 

US EPA has set the 10 µg/L as the safe limit of arsenic concentration in drinking water. 

However, millions of people in various parts of the world are still being exposed to higher 

than the safe level of arsenic through drinking water [4, 5]. 

Arsenic exists in the environment as both inorganic and organic forms. Inorganic forms of 

arsenic is the most common form in the environment and are known to be more toxic than 

organic forms [6]. Human exposure to arsenic occurs through various routes such as 

through inhalation, ingestion and dermal contact. Among them, inhalation and ingestion 

are the most common routes for human to uptake arsenic, such as from smoking and 

drinking water [7]. In human, inorganic pentavalent arsenate can be reduced into trivalent 

arsenite, which then further gets metabolized as less-toxic end-products called pentavalent 

monomethylarsonic acid (MMAV) and dimethylarsenic acid (DMAV) [8]. Liver is the 

primary organ for metabolism of arsenic. However, the recent report revealed that arsenic 

metabolism can occur not only in liver but also in kidney [9] which is a known target organ 

of arsenic toxicity. Kidney has also been accepted as the major site for arsenic 
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biotransformation and elimination [10] Moreover, excretion of arsenic through kidney is a 

major pathway to remove arsenic from human body. These reports suggest that kidney is 

prone to arsenic exposure and therefore the arsenic-induced toxicity.   

Arsenic can accumulate in the kidney that can cause dysfunction of proximal tubules and 

glomerulus which further leads the development of chronic kidney disease (CKD) [11]. 

Epidemiological studies have demonstrated that in addition to CKD, the arsenic can also 

increase the risk of kidney cancer [12-14]. Multiple experimental reports provide evidence 

for the arsenic-induced carcinogenesis in animal model [15, 16]. Studies with in vitro cell 

lines have shown that exposure to arsenic causes malignant transformation in various 

normal cell lines [17-19]. However, whether arsenic can induce malignant transformation 

in human normal renal cells is still unclear. Hence, the objective of this study was to 

evaluate the carcinogenicity of arsenic and the underlying mechanism by identifying the 

temporal changes at cellular, molecular, and biochemical levels at various time points 

during the chronic exposure in human kidney epithelial cells. 

 

3.2. Materials and Methods 

3.2.1. Chemicals 

Sodium meta-arsenite NaAsO2 (arsenic) and 3-(4, 5 dimethylthiazol-2-yl)-2, 5-

diphenyltetrazolium bromide (MTT) were purchased from Sigma (St. Louis, MO). Serum 

free Keratinocyte medium with growth factors, trypsin/ EDTA solution, and Trizol reagent 



Texas Tech University, Yu-Wei Chang, May 2019 

77 

 

were purchased from Invitrogen Inc (Carlsbad, California). Antibiotic/anti-mycotic 

solution were from Life technologies (Carlsbad, California). Cell cycle reagent (Guava) 

was from Millipore (Hayward, California). Phosphate buffered saline (1X) was from 

HyClone (Pittsburgh, PA). RIPA lysis buffer (1×) and PCR reagents were procured from 

Santa Cruz Biotechnology, Inc. (Dallas, Texas) and BioRad, Inc. (Hercules, California).  

Cell culture and treatments 

Renal cortex/proximal tubule cells (HK-2) were purchased from ATCC. Cells were 

maintained up to 6 months in keratinocyte serum free medium (K-SFM) supplemented with 

bovine pituitary extract (BPE) and human recombinant epidermal growth factor (EGF). 

Cells were exposed to 100 pg/ml and 10 ng/ml arsenic with medium for different duration 

from 72 h (acute), three months (long-term) to six months (chronic). For long-term and 

chronic treatments, HK-2 cells were maintained in arsenic-containing medium, and sub-

cultured by fresh arsenic-free K-SFM medium when the cell confluency reached around 

80% in culture flasks. After 24 h to allow the cells to become well-attached, medium was 

changed into arsenic-containing medium. The arsenic-containing medium was changes 

twice a week until cells were ready for next sub-culturing. The average frequency of sub-

culturing was once per week, and the procedure of cell culture mentioned above was 

repeated until these cells exposed to arsenic for three months or six months. For analysis 

of temporal changes during chronic treatment, the morphology of cells were also observed 

at one month and 1.5 months of exposure. 
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3.2.2. Cell Proliferation Assay 

Cells were seeded in 96 well plate in K-SFM medium with supplements for 24 h to well 

attach, then exposed to 100 pg/ml or 10 ng/ml arsenic in culture medium for 72 h. MTT 

solution (1 mg/ml final concentration) was mixed with medium and added into each well 

for 4 h incubation at 37˚C. After that, cell culture medium was completely removed and 

1X PBS was added in each well for a wash. 150 μl DMSO was added to solubilize the 

formazan crystals formed by mitochondrial activity in viable cells. To facilitate the 

solubilization of formazan in DMSO, the plates were incubated with gentle shaking for 10 

minutes and then the color intensity of the absorbance from each well was measured at a 

test wavelength 570nm and a reference wavelength 630nm by using microplate reader. 

Each treatment was performed triplicates and each experiment was repeated at least twice. 

3.2.3. Flow Cytometry Analysis 

The effects of acute, long-term and chronic exposure to arsenic on cell cycle were measured 

by flow cytometry. Control and treatment group of cells were collected after trypsinization 

and fixed in 70% ethanol for 24 h at 4˚C. Fixed cells were collected by 800 g centrifugation, 

washed in 1X PBS, and then stained with Guava cell cycle reagent for one hour. Samples 

from all treated groups were analyzed by Guava Easy-Cyte HT flow cytometer by counting 

5000 events and data were analyzed by Guava Incyte software to calculate the percentage 

of cells in different stages of cell cycle.  
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3.2.4. RNA Isolation and Quantitative Real-Time PCR 

Trizol reagent was used for isolating the total RNA from the cells exposed to respective 

treatment for 24 h. Quantitative real-time reverse transcriptase-PCR (qRT-PCR) reactions 

were performed for gene expression analysis by using 75 ng total RNA and one step SYBR 

green RT-PCR kit. Reactions were run by CFX96 real-time PCR detection system (BioRad 

Inc). The primers of genes of interest are listed in Table 1. The conditions of PCR 

amplification are: 50˚C for 15 minutes, 95˚C for 5 minutes, followed by 40 cycles with 

each cycle containing step 1 at 95˚C for 10 seconds and step 2 at 60˚C for 30 seconds. Melt 

curve analysis was performed to confirm the specificity of PCR amplicon. Cycle threshold 

(Ct) value of each gene was normalized by the Ct value of housekeeping gene (GADPH). 

The fold change of gene expression was calculated by delta-delta Ct method [20]. 

3.2.5. Western Blot Analysis 

Total cellular lysates of HK-2 cells from respective groups were prepared by RIPA lysis 

buffer and quantified by Bradford assay. 40μg protein samples were separated by using gel 

electrophoresis on an 8% SDS-PAGE gel, further transferred onto nitrocellulose membrane 

(PVDF). Nonspecific binding sites were blocked by 5% non-fat dried milk in 1X Tris-

buffered saline (TBS) for 30 minutes at room temperature. The nitrocellulose membrane 

was incubated with diluted primary antibody at room temperature for an hour. Beta-catenin 

and c-Myc were purchased from Cell Signaling, and p53 was purchased from Santa-Cruz. 

After giving two washes with 1X TBS with 0.05% Tween 20 for 5 minutes, the membranes 
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were incubated with secondary antibody for an hour at room temperature. Membranes were 

washed with 1X TBS with 0.05% Tween 20 for two times and the intensity of signals was 

detected by enhanced chemiluminescence detection system (Amersham, NJ). The intensity 

of protein bands was quantified through ImageJ software and normalized to expression of 

housekeeping protein GAPDH. 

3.2.6. Anchorage-Independent Soft Agar Assay 

Soft agar colony formation assay was performed to evaluate the effect of chronic exposure 

to arsenic on anchorage-independent growth to confirm malignant transformation in HK-2 

cells. Base layer of soft agar was prepared by 2 mL of 0.8% agarose in K-SFM medium, 

then added in each well of 6 well plates and allowed to polymerize for 30 minutes. Top 

layer of soft agar was prepared by using 0.5% low-melting agar in K-SFM medium, and 5 

× 103 number of HK-2 cells from control and six-month arsenic-treated group were mixed 

individually, and then plated over the base layer in each well. The plate of soft agar assay 

was monitored by microscopic observation on daily basis. Representative images of 

colonies in soft agar were taken on Day 20 and colonies were counted manually by using 

microscope. Transformed cells from colonies of 100 pg/ml and 10 ng/ml arsenic groups 

were isolated and re-seeded in new cell culture dishes with fresh arsenic-free K-SFM 

medium for further evaluation. 
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3.2.7. Statistical Analysis 

Two-tailed paired t test was used to evaluate statistical significance of the changes in each 

arsenic-treated group as compared to its respective control group. Level of significance (α) 

was set at 0.05 and differences with p<0.05 were considered as significant differences. 

 

3.3. Results 

3.3.1. Effects of Acute, Long-term, and Chronic Exposure to Arsenic on Growth 

of HK-2 Cells 

HK-2 cells were treated with 100 pg/ml and 10 ng/ml arsenic for 72 h (acute), 3 months 

(long-term), and 6 months (chronic) to evaluate the effects of arsenic on cell survival by 

MTT assay, cell cycle analysis and marker gene expression. The results of MTT assay 

showed that there was no significant difference of cell growth in acute treatment (Fig. 1A). 

However, the duration-dependent pattern in growth rate from arsenic-exposed cells was 

observed. There were significant induced growth rate in 100 pg/ml arsenic-exposed cells 

for long-term and chronic durations by increased 48.0% and 88.7% as compared to 

untreated control cells. Similarly, the significant increases of cell growth in 10 ng/ml 

arsenic-exposed cells for long-term and chronic durations by 44.8% and 67.5% compared 

to untreated control cells respectively. 

Cell cycle analysis was detected by flow cytometry as described in materials and methods 

section, and the results of cell cycle analysis were given in Fig. 1B.  In acute treatment, 
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there was no significant difference in each phase of cell cycle in arsenic-exposed cells as 

compared to control cells. However, arsenic exposures increased the percentage of cells in 

S phase, which is critical for DNA replication and cell division, as duration-dependent 

pattern as compared to the S phase in untreated control cells. The increases of S phase in 

100 pg/ml arsenic-exposed cells for long-term and chronic durations were observed by 

2.27% and 2.76% respectively. Similarly, the increases of S phase in 10 ng/ml arsenic-

exposed cells for long-term and chronic durations were 1.01% and 2.24% respectively. 

The expression of marker genes related to cell survival and proliferation was performed by 

qRT-PCR (Figure 1C). In Survivin expression, there was no significant change by acute 

treated with 100 pg/ml arsenic but significant increase in cells exposed to arsenic for long-

term and chronic durations by 1.95 and 3.72 folds of control respectively; whereas, there 

was 1.4-fold decrease in acute 10 ng/ml arsenic-treated group but 1.7- and 3.44-fold 

increases in long-term and chronic exposure to 10 ng/ml arsenic respectively. In the 

expression of CyclinD1, there was no significant change in acute treated with 100 pg/ml 

arsenic, however, there were significant 2.18- and 2.35-fold increases respectively by long-

term and chronic exposure. In addition, there was a significant 4.35-fold decrease by acute 

treated with 10 ng/ml arsenic but 1.23 and 1.83-fold up-regulation by long-term and 

chronic treated with 10 ng/ml arsenic respectively.  

Therefore, the results from MTT assay, cell cycle analysis as well as marker gene 

expression suggested that both long-term and chronic arsenic exposure increase cell 
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proliferation in HK-2 cell. Additionally, the increases present as duration-dependent 

pattern in both 100 pg/ml and 10 ng/ml arsenic-treated groups. 

3.3.2. Morphological Changes of Epithelial-Mesenchymal Transition (EMT) and 

Stem-Cell Like Sphere Formation in HK-2 Cells during Chronic Arsenic 

Exposure 

In addition to the growth, morphological changes were also observed during chronic 

exposure to arsenic. Depending on the concentration of arsenic and duration of exposure, 

cells acquired elongated spindle-like shape, atypical phenotypes of EMT, and stem cell-

like sphere formation. The acquisition of stemness was first observed at one month after 

treatment with 100 pg/ml arsenic, but not in 10 ng/ml arsenic-exposed cells (Figure 2). 

However, the EMT morphology was observed after 1.5-month of treatment which is two 

more weeks from the first time of observation of stemness. This acquisition of EMT was 

observed only in 10 ng/ml arsenic-exposed group but not in 100 pg/ml arsenic-exposed 

group (Figure 2). These morphological changes of EMT and stemness were also transiently 

observed at irregular intervals during this six-month chronic treatment. After 

approximately six-month exposure to arsenic, the EMT change was more significant in 100 

pg/ml arsenic-treated cells than 10 ng/ml arsenic-treated cells, whereas the stemness 

phenotype was predominant in 10 ng/ml arsenic-treated cells as compared to 100 pg/ml 

arsenic-treated cells.  

3.3.3. Changes of Marker Gene Expression Related to EMT and Stemness in 

Arsenic-Exposed Cells during Transformation 

Although the phenotypes of stemness and EMT were observed in those cells after one-

month arsenic treatments, there was no significant molecular changes on the gene 
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expression. The significant observation on marker gene expression was shown in cells 

exposed to arsenic for 2 months, which has been published in our recent study [21]. The 

expression of marker genes for EMT (Slug, MMP1) and stemness (Nanog) was performed 

in cells after exposed to 100 pg/ml and 10 ng/ml arsenic for 3 months (Figure 3). There 

were significant increases of Slug expression in cells after exposed to 100 pg/ml and 10 

ng/ml arsenic by 5.4 and 8.2 folds of control respectively. Similarly, long-term exposure 

to 100 pg/ml and 10 ng/ml arsenic increased MMP1 gene expression by 1.6 and 2.7 folds 

of control. Moreover, the expression of Nanog was increased in cells after treated with 100 

pg/ml and 10 ng/ml arsenic by 1.4 and 1.8 folds of control respectively. Therefore, our data 

further confirmed arsenic-induced phenotypes of EMT and stemness at molecular basis. 

3.3.4. Effect of Chronic Exposure to Arsenic on Neoplastic Transformation 

To evaluate the effect of arsenic on neoplastic transformation, the soft agar assay was 

performed with arsenic exposed cells starting at 2 months after exposure. Only after 6 

months of exposure the arsenic exposed cells start growing in soft agar and forming 

colonies (Figure 4A). The colonies count revealed a dose dependent increase in the number 

of colonies in arsenic exposed cells as compared to the passage-matched control cells 

(Figure 4B). Therefore, the soft agar assay revealed that arsenic induced the neoplastic 

transformation in HK-2 cells in dose-dependent manner. 

 To further characterize the arsenic-induced transformed HK-2 cells, the cells from soft 

agar grown colonies were isolated and maintained in cell culture dishes. Interestingly, these 
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transformed HK-2 cells regained the epithelial-like morphology similar to the untreated 

passage-matched control cells (Figure 4C). This suggests that arsenic treated cells that 

acquired EMT during treatment before transformation reversed to MET after 

transformation. 

To further characterize whether these arsenic-transformed cells also acquired the cancer 

stemness during transformation, the cells with chronic exposure to arsenic for 6 months 

and soft agar grown colonies-derived cells from 10 ng/ml treatment group were sub-

cultured and maintained in cancer stem cell medium. These cells started forming colonies 

floating in the cancer stem cell medium and the size of the floating colonies also started 

growing bigger with increased time in this medium.  However, the stem cell spheres from 

soft agar grown (transformed) cells were much more as compared to those from chronic 

exposure to 10 ng/ml arsenic.  

Therefore, these results suggest that arsenic-induced neoplastic transformation in HK2 

cells through acquisition of cancer stem cell-like phenotype and reversal of EMT to MET.  

3.3.5. Changes in Expression of Marker Genes for Cell Proliferation, Tumor 

Suppressor, EMT, and Stemness in Arsenic-Induced Transformed Cells 

To further evaluate the potential molecular mechanism related to arsenic-induced 

neoplastic transformation, the result of gene expression for marker genes was given in 

Figure 5A. The expression of cell proliferative gene, Survivin and Cyclin D1, was 

significant increase in transformed cells from 100 pg/ml arsenic group by 2.44 and 1.89 

folds of control, respectively. Similarly, the expression of Survivin and Cyclin D1 was 
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increased in 10 ng/ml arsenic-transformed cells by 1.81 and 2.54 folds of control. In the 

expression of tumor suppressor gene VHL, there was significant down-regulation in 

transformed cells from 100 pg/ml and 10 ng/ml arsenic-treated group by 1.47 and 1.54 

folds of control, respectively.  

The gene expression of marker gene for epithelial cell and cancer stem cells was performed 

during neoplastic transformation. And the gene expression was further confirmed in those 

cells with chronic arsenic exposure (Figure 5B). The epithelial marker E-cadherin was 

significantly increased in cells exposed to 100 pg/ml and 10 ng/ml arsenic by 5.80 and 1.45 

folds of control, respectively. For the expression of cancer stenmess genes (ALDH1A1, 

CD133 and Oct4), there was no significant change in the expression of ALDH1A1 in 

transformed cells from both arsenic-exposed groups. The expression of CD133 was 

increased in 100 pg/ml arsenic-treated group by 2.04 folds of control, but there was no 

significant change in 10 ng/ml arsenic-treated group. Conversely, the expression of Oct4 

was decreased in transformed cells from 100 pg/ml arsenic exposure by 1.52 folds of 

control, whereas it was significantly up-regulated in transformed cells from10 ng/ml 

arsenic treatment by 23.5 folds of control (Fig. 5B).  

3.3.6. Changes in Oncogenic and Tumor Suppressor Signaling Pathways during 

Arsenic-Induced Neoplastic Transformation in HK-2 Cells 

To further evaluate the effects of arsenic exposure at molecular basis during carcinogenesis, 

the protein levels of proto-oncogene (-catenin), oncogene (c-Myc) and p53 tumor 

suppressor were performed from the cells exposed to arsenic for acute and long-term 
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durations, as well as arsenic-induced transformed HK-2 cells (Figure 6). In the expression 

of -catenin, there were significant increases in cells exposed to 100 pg/ml arsenic for acute 

and long-term durations by 2.28 and 1.50 folds of control. Likewise, there is a significant 

increase in 100 pg/ml arsenic-transformed cells by 1.79 folds of control. Similarly to 100 

pg/ml arsenic group, there were significant increases in cells exposed to 10 ng/ml arsenic 

for acute and long-term durations by 1.45 and 1.46 folds of control. In addition, a 

significant increase in 10 ng/ml arsenic-transformed cells by 1.35 folds of control was 

observed (Figure 6B). 

For the expression of c-Myc, 100 pg/ml arsenic exposure induced 1.66-and 1.67-fold 

increases in cells exposed for acute and long-term durations. A significant increase 

presented in 100 pg/ml arsenic-transformed cells by 2.86 folds of control. Similarly, 10 

ng/ml arsenic exposure induced 1.37-and 1.47-fold increases in cells exposed for acute and 

long-term durations. A significant increase presented in 10 ng/ml arsenic-transformed cells 

by 3.33 folds of control (Figure 6C). 

In the expression of p53, there were significant increases in cells exposed to 100 pg/ml 

arsenic for acute and long-term durations by 2.36 and 6.5 folds of control, likewise, there 

is a significant increase in 100 pg/ml arsenic-transformed cells by 4.49 folds of control. 

Similarly to 100 pg/ml arsenic group, there were significant increases in cells exposed to 

10 ng/ml arsenic for acute and long-term durations by 1.77and 5.11 folds of control. 

However, there was no significant change on the expression of p53 in 10 ng/ml arsenic-

transformed cells (Figure 6D). 
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3.4. Discussion 

To our knowledge, this study is the first report indicating that chronic exposure to arsenic 

causes neoplastic transformation in human renal epithelial cells. Additionally, our data also 

suggest that acquisition of EMT and stemness and activation of -catenin/c-Myc pathway 

might be the potential mechanism during arsenic-induced carcinogenesis.  

Increased cell proliferation is a hall mark of cancer cells and an initiating event during 

carcinogenesis including in kidney [22]. Our data from this study suggest that the effect of 

arsenic on cell growth depends on the duration and concentration of arsenic exposure.  The 

results of cell proliferation revealed a slight growth inhibition after acute exposure, whereas 

increased growth after long-term and chronic exposure to either arsenic or nicotine in HK-

2 cells as compared to untreated control cells. The increased cell growth in arsenic-treated 

cells was dose-dependent.  In addition, our data further suggested that  the slight growth 

inhibition  after acute treatment was supported by the decreased expression of Survivin and 

Cyclin D1, which are associated with cell growth [23], whereas the increased cell growth 

rate in long-term and chronic arsenic-exposed cells was confirmed by the significant 

increases in the expression of Survivin and Cyclin D1. 

To further understand how arsenic causes opposite effect with respect to the growth of 

kidney cells, we also analyzed the expression levels of -catenin/c-Myc oncogenic 

signaling pathway proteins during arsenic-induced neoplastic transformation in kidney 

cells. Moreover, the protein levels of proto-oncogene (-catenin) and oncogene (c-Myc) 
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are increased by arsenic treatment. Wnt/-catenin signaling pathway has been indicated to 

contribute to up-regulation of target genes such as cyclin D1 and c-Myc and further 

enhance cell proliferation and resistance to apoptosis during renal carcinogenesis [24]. 

Moreover, previous study has indicated that in acute (24 h) and chronic (6 months) 

exposed-duration, arsenic induces the accumulation of -catenin during malignant 

transformation of human lung epithelial cells [25]. In our study, protein expression of -

catenin and its downstream protein, c-Myc, was increased in both arsenic-treated groups, 

showing that the induction of -catenin and c-Myc might affect the progression of arsenic-

induced neoplastic transformation in HK-2 cells.  

In addition to the oncogenic proteins, the expression of tumor suppressor p53 and VHL 

was also altered in HK-2 cells transformed by chronic exposure to arsenic. In this study, 

the protein level of apoptotic marker p53 was up-regulated in cells exposed to 100 pg/ml 

and 10 ng/ml arsenic for different durations. P53 is a pro-apoptotic protein related to cell 

cycle arrest, DNA repair and apoptosis [26]. Although the well-known role of p53 is pro-

apoptotic, previous evidence has indicated that the pro-apoptotic role of p53 is tissue-

specific, which means p53 does not always induce apoptosis when it is up-regulated  [27]. 

For example, the induction of p53 in kidney contributes to little or no influence in apoptosis 

[27]. In addition to the pro-apoptotic function, the induction of p53 is also believed as the 

sensor of genotoxic stress such as DNA damages [28]. Previous studies have reported that 

arsenic compounds are the inducers of cellular p53 in  human osteosarcoma, and the 

induction of p53 is considered as the indicator of arsenic-induced DNA damage [29]. 
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Additionally, the increased expression of p53 is associated with the rapid disease 

progression in RCC [30]. In this study, arsenic exposure increases the protein expression 

of p53 in HK-2 cells. From those previous findings, the arsenic-induced level of p53 might 

act as the indicator for arsenic-induced DNA damage in HK-2 cells which further 

contributes to the neoplastic transformation in HK-2 cells. However, the future 

investigation is needed. 

Von Hippel-Lindau (VHL) is a tumor suppressor gene playing an important role in the 

development of cc-RCC, and it is commonly mutated in cc-RCC patients [31]. The 

regulation of VHL has been reported associated with two different mechanisms including 

through DNA methylation [32] or hypoxia-inducible factor (HIF)-related pathways [33]. 

The silent VHL expression because of the hypermethylation of its promoter has been found 

in approximate 20% of cc-RCC [34]. Although it is reported that arsenic can cause both 

hypomethylation and hypermethylation in human lung and renal cancer cells, however, 

there is no change in the level of DNA methylation in VHL in human renal cell carcinoma 

UOK cells [35]. In this present study, the expression of VHL was changed during arsenic-

induced carcinogenesis. Up-regulation of VHL was observed in the arsenic-exposed cells 

at the early stages during neoplastic transformation, which at that time point did not form 

soft agar colonies nor cancer stem cell spheres in cancer stem cell medium, whereas the 

decreased expression of VHL was detected in arsenic-induced transformed cells. Out 

results suggest that the regulation of VHL might be important in arsenic-induced 
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carcinogenesis in kidney, however, the potential mechanisms and the clear function of 

overexpression of VHL at early stage of carcinogenesis still need further investigation. 

Acquisition of Cancer stem cells (CSCs) is another known mechanism of carcinogenesis. 

CSCs are known as cancer initiating cells, which are responsible for cancer initiation and 

propagation, and are capable of self-renewal and tumor growth [36]. Although various 

hypothesis have been proposed in the origin of CSCs, it is still controversial [37, 38]. 

Previous evidences have indicate the cancer stem cell properties can be generated by in 

vitro cell model, demonstrating that somatic cells have the potential to acquire 

characteristics of CSCs [39]. In this study, increased gene expression for markers of 

stemness, Nanog, was observed during neoplastic transformation. Previous study has 

indicated that Nanog plays an essential role in the reprogramming to a CSC phenotype [40], 

which acts as a potential target for cancer treatment [41]. Overexpression of Nanog 

promotes the malignant transformation and tumor formation of benign HEK-293 cells in 

vitro and in vivo [42]. However, the role of Nanog in cancer development is still mystical. 

In some cases, Nanog itself is insufficient to induce tumor formation [43]. Chronic 

exposure to arsenic induced cancer stem sphere formation in cancer stem cell medium, 

suggesting the effect of arsenic exposure in cancer stem cell properties in HK-2 cells. 

Similar results of non-adherent spheroid formation, a characteristic of CSC, during arsenic-

induced cancer phenotype in rat renal stem cells has previously been reported [44]. 

Additionally, arsenic induced the transcriptional levels of cancer stem cell markers such as 

CD133 and Oct4 in arsenic-induced transformed cells, further implicating the cancer 
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stemness phenotype in arsenic-induced transformed cells. There are several markers for 

cancer stem cell used in experimental research [45]. For example, CD133 is a membrane 

glycoprotein which is specific to hematopoietic stem cell [46]. Oct4 is a transcription factor 

which is essential for the development and maintenance of normal pluripotent stem cells 

[47]. Aldehyde dehydrogenases (ALDHs) family play a role in stem cell maintenance and 

ALDH1A1 is a vital marker in cancer stem cells [48]. Previous study indicates that high-

level expression of CD133 is related to low expression of Oct4 in RCC patients [49]. 

Moreover, the expression of Oct4 and ALDH1A1 in RCC patients is negatively correlated 

to the survival rate [50, 51]. In this study, our results revel that the overexpression of 

CD133 in 100 pg/ml arsenic-induced transformed cells, whereas significant overexpression 

of Oct4 in 10 ng/ml arsenic-induced transformed cells. Therefore, our results suggest that 

chronic exposure to arsenic can induce cancer stemness spheres which might be because 

of Oct4 overexpression. However, the mechanisms underlying in the expression of cancer 

stemness markers as different responses from this two concentrations of arsenic exposure 

are still need to be further investigated. 

Our data also revealed that arsenic induced EMT phenotype in HK-2 cells during neoplastic 

transformation. EMT has been demonstrated as an essential process for cancer progression 

as well as the generation of stem cell properties [52-54]. The reverse process of EMT called 

mesenchymal–epithelial transition (MET) is also known as a critical role in stem cell 

differentiation and cell reprograming [55]. It has been found the role of EMT in tumorous 

dissemination and the need of MET for further efficient metastasis [56].  In this study, the 
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morphological changes of EMT with elongated spindle like appearance presented during 

neoplastic transformation. In addition, increased gene expression for markers of EMT (Slug, 

MMP1) was observed during neoplastic transformation. Slug is a member of Snail family 

serving as a transcriptional repressor of epithelial marker, E-cadherin [57], which has been 

reported to play an important role during EMT in multiple types of cancers [58]. MMP-1 

is as a member of matrix metalloproteinases contributing to the cleavage of extracellular 

matrix, and it has also shown to induce migration and invasion of breast cancer cells [59]. 

After HK-2 cells chronically treated with arsenic for six months and transformed by arsenic, 

the epithelial-like morphology and the increased expression of epithelial marker E-

cadherin were observed in arsenic-induced transformed cells. Therefore, our results 

suggest that arsenic-induced neoplastic transformation in HK-2 cells are through the 

acquisition of EMT phenotype and the process of MET. 

In summary, this study suggests that chronic exposure to environmentally relevant lower 

concentrations of arsenic can induce neoplastic transformation in normal human renal 

epithelial cells. , involving in the acquisition of EMT, cancer stemness phenotype as well 

as MET. Moreover, our data also suggest that acquisition of EMT and cancer stemness 

phenotype as well as the activation of -catenin/c-Myc signaling pathway are the molecular 

mechanistic basis for arsenic-induced neoplastic transformation in human kidney epithelial 

cells.   
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Table 3-1. List of genes with their forward and reverse primer sequences used for the 

gene expression analysis by real- time quantitative PCR 

Gene Forward primer sequence (5’-3’) Reverse primer sequence (5’-3’) Size (bp) 

GAPDH GGTGGTCTCCTCTGACTTCAACA GTTGCTGTAGCCAAATTCGTTGT 116 

Survivin AGCCAGATGACGACCCCATT GCAACCGGCCGAATGCTTTT 119 

CyclinD1 AACTACCTGGACCGCTTCCT CCACTTGAGCTTGTTCACCA 204 

VHL CGGACAGCCTATTTTTGCCA GTTGATGTGCAATGCGCTCC 200 

E-cadherin TGAGTGTCCCCCGGTATCTT GAATCATAAGGCGGGGCTGT 112 

ALDH1A1 GCTTCCTGCCCTAGGTGTTAC CAGGTGACTGGCTCAGCAAT 170 

CD133 GGGATGGTGCCTTGAGTGA GTTCCTGGGCAGAAGAGGAG 130 

Oct4 TGAGTAGTCCCTTCGCAAGC TTAGCCAGGTCCGAGGATCA 172 

Slug ACGGGCTCAGTTCGTAAAGG TTCTTGACCAGGAAGGAGCG 198 

Nanog TGCAGGCAACTCACTTTATCC  TGCTTCAAAGCAAGGCAAGC 197 

MMP1 AAGGCCAGTATGCACAGCTT GGGCCACTATTTCTCCGCTT 185 
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Figure 3-1. The growth rate, cell cycle analysis and the marker gene expression in HK-2 cells exposed to arsenic for 

different durations. 

(A) Bar charts represent the growth rate measured by MTT assay. HK-2 cells were exposed to 100 pg/ml and 10 ng/ml arsenic 

for acute, long-term and chronic durations. The growth rate was performed by MTT assay as described in materials and methods 

section. MTT data was converted into percentage with control as 100 %. (B) The results of analysis of cell cycle in arsenic-

exposed HK-2 cells for different durations. HK-2 cells were treated with 100 pg/ml and 10 ng/ml arsenic for acute, long-term 

and chronic durations. Cell cycle analysis was performed by flow cytometry as described in materials and methods section. Data 

represent the percentage of cells in G0/G1, S and G2/M phases. (C) The expression of marker genes related to cell survival and 

cell cycle in HK-2 cells exposure to 100 pg/ml and 10 ng/ml arsenic for different durations. The total RNA from arsenic-exposed 

cells for acute, long-term and chronic durations was isolated and gene expression was performed by qRT-PCR as described in 

materials and methods section. The target gene expression from untreated control was considered as 1 fold. Each histogram 

represents the means of triplicate values. The error bars represent standard deviation (±SD). Statistically significant change in 

the cell viability of treated groups as compared to the respective control is indicated by an * symbol. Statistically significant 

(p<0.05) changes are indicated by the symbol * by paired t test. 
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Figure 3-2. The photomicrographs of morphology in arsenic-exposed cells during 

neoplastic transformation. 

Representative photomicrographs (40X) represent the morphological change of stemness 

or EMT in cells exposed to 100 pg/ml and 10 ng/ml arsenic for different durations. 

Stemness was observed in cells after one-month 100 pg/ml arsenic treatment, whereas 

EMT presented in cells after 1.5-month 10 ng/ml arsenic exposure. These morphological 

changes were further observed in cells with approximate 6-month arsenic exposure. Scale 

bar = 200 µm.  
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Figure 3-3. The expression of marker genes related to EMT and stemness in cells 

treated with 100 pg/ml and 10 ng/ml for 3 months. 

The expression of marker genes related to EMT and stemness in cells treated with 100 

pg/ml and 10 ng/ml for 3 months during neoplastic transformation. Total RNA from cells 

was performed by qRT-PCR as described in materials and methods section. Bar chart 

represents the results performed by qRT-PCR. Each bar was plotted by using the means of 

triplicate values. The error bars represent standard deviation (±SD). Symbols * represent 

statistically significant difference (p<0.05) by paired t test in the gene expression of HK-2 

cells in each arsenic-treated group as compared to untreated control. 
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Figure 3-4. Soft agar colony formation and cancer stem cell spheres in six-month 

arsenic-treated cells. 

Soft agar colony formation and cancer stem cell spheres in six-month arsenic-treated cells 

and/or 10 ng/ml arsenic-transformed cells. (A) Representative photomicrographs (40X) 

show soft agar colony formation in HK-2 cells after chronic exposure to 100 pg/ml and 10 

ng/ml arsenic for six months. HK-2 cells with chronic exposure to arsenic were seeded in 

soft agar for growing and the images were captured on Day 20 as described in materials 

and methods section. Scale = 200 µm. (B) Number of colonies was counted and given by 

bar chart. The error bars represent standard deviation (±SD).  The symbol * represents 

statistically significant (p<0.05) difference by paired t test of the colony number from 

arsenic treated groups as compared to their respective control group of HK-2 cells. (C) The 

epithelial-like morphology in arsenic-induced transformed cells. Transformed cells were 

isolated from soft agar colonies and maintained in culture dishes as described in materials 

and methods section. The photomicrographs (100X) were taken at the 70% confluency. 

Scale bar = 50 µm. (D) Representative photomicrographs represent the formation of cancer 

stem cell spheres of HK-2 cells maintained in cancer stem cell medium. HK-2 cells exposed 

to 10 ng/ml arsenic for six months and 10 ng/ml arsenic-transformed cells were maintained 

in cancer stem cell medium. The images were taken on Day 7 as described in materials and 

methods section.
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Figure 3-5. The expression of marker genes in both 100 pg/ml and 10 ng/ml arsenic-

induced transformed cells. 

Gene expression of markers for survival, cell cycle, tumor suppressor (A) as well as EMT 

and cancer stemness (B) in arsenic-induced transformed cells. Total RNA from these cells 

isolated from soft agar colonies and gene expression was performed by qRT-PCR as 

described in materials and methods section. Bar chart represents the results performed by 

qRT-PCR. Each bar was plotted by using the means of triplicate values. The error bars 

represent standard deviation (±SD). Symbols * represent statistically significant difference 

(p<0.05) by paired t test in the gene expression of HK-2 cells in each arsenic-treated group 

as compared to untreated control.  
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Figure 3-6. The protein levels of marker genes in cells exposed to arsenic during/after 

neoplastic transformation. 

(A) The images of western blot represent the protein expression. Total cell lysates were 

prepared from the cells exposed to 100 pg/ml and 10 ng/ml arsenic for acute and long-term 

durations, as well as from arsenic-induced transformed cells. (B-D) The results of band 

intensity were given by bar charts as quantified by ImageJ software. Each bar was plotted 

by using the mean of triplicate values. The error bars represent standard deviation (±SD). 

Symbols * represent statistically significant difference (p<0.05) by paired t test in the gene 

expression of HK-2 cells in each arsenic-treated group as compared to untreated control. 
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DURATION-DEPENDENT EFFECTS OF NICOTINE EXPOSURE ON CELL 

PROLIFERATION AND AKT ACTIVATION IN HUMAN KIDNEY 

EPITHELIAL CELLS 

Yu-Wei Chang and Kamaleshwar P Singh 

Department of Environmental Toxicology, The Institute of Environmental and Human 

Health (TIEHH), Texas Tech University, Lubbock, Texas, USA 

ABSTRACT 

Exposure to nicotine is known to cause adverse effects in many target organs including 

kidney. Epidemiological studies suggest that nicotine-induced kidney diseases are 

prevalent worldwide. However, the impact of duration of exposure on the nicotine-induced 

adverse effects in normal kidney cells and the underlying molecular mechanism is still 

unclear. Hence, the objective of this study was to evaluate both acute and long-term effects 

of nicotine in normal human kidney epithelial cells (HK-2). Cells were treated with 1M 

and 10M nicotine for acute and long-term duration. The result of cell viability showed 

the acute exposure to 1M nicotine has no significant effect on growth. However, the 

10M nicotine caused significant decrease in the growth of HK-2 cells. The long-term 

exposure resulted in significantly increased cell growth in both 1M and 10M nicotine-

treated groups. Analysis of cell cycle and expression of marker genes related to 

proliferation and apoptosis further confirmed the effects of nicotine. Additionally, the 

analysis of growth signaling pathway revealed the decrease level of pAKT in cells with 

acute exposure whereas the increased level of pAKT in long-term nicotine exposed cells. 

This suggests that nicotine, through modulating the AKT pathway, controls the duration-
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dependent effects on the growth of HK-2 cells. In summary, this is the first report showing 

long-duration exposure to nicotine causes increased proliferation of human kidney 

epithelial cells through activation of AKT pathway.  
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4.1. Introduction 

Nicotine is a natural compound existing in tobacco leaves and also a major compound 

causing tobacco addiction [1]. Cigarette smoking is a major source for nicotine exposure 

in human [2].Nicotine can be rapidly absorbed through inhalation by passing through the 

small airways and alveoli of the lung and reach around the body via bloodstream. In 

addition, nicotine can be metabolized in liver via several enzymes such as cytochrome 

P450 2A6 (CYP2A6), UDP-glucuronosyltransferase, and flavin-containing 

monooxygenase [3]. In human, liver is the primary organ for nicotine metabolism, but 

previous report also found that nicotine can be metabolized in lung and kidney [4]. These 

extra hepatic metabolism of nicotine has been shown to be mediated by  few more CYP 

enzymes in addition to CYP2A6 [5]. The nicotine concentration in blood plasma of 

smokers varies, however the average plasma concentration of nicotine in heavy smokers is 

0.6 M [6]. The half-life of nicotine in human plasma is around two hours [7]. 

Nicotine exposure through various sources including cigarette smoking has been shown to 

be associated with kidney cancer and other forms of chronic kidney diseases [8-10]. 

Epidemiological studies showed the risk of kidney cancer  increased by about 50% in male 

and 20% in female tobacco smoker [11]. Exposure to second-hand smoke increased the 

risk of renal cell carcinoma (RCC) by 2 to 4 times as compared to those who never smoked 

[12]. Those who quit smoking for ten or more than ten years were at significantly reduced 

risk by 30% for RCC as compared to the current smokers [13]. These epidemiological 
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studies have shown a strong association between nicotine exposure through cigarette 

smoke and increased risk of kidney diseases. 

In addition to these epidemiological studies, evidence from in vivo animal model have 

further corroborated the role of nicotine in induction of kidney diseases. For example, 

nicotine caused increased proliferation of  glomerular cells in rat model [14]. 

Both, epidemiological and experimental studies using in vivo and in vitro models have 

identified extensive alterations in signaling pathways as well as many other molecular 

changes as a result of nicotine exposure. Smoking through chronic tissue hypoxia and DNA 

damage increases the risk for renal cell carcinoma [15, 16]. Smoking contributes to kidney 

dysfunction through affecting pro-inflammatory state, oxidative stress, glomerulosclerosis 

and tubular atrophy [17]. Smoking also increases the risk for high-normal urine albumin 

concentration and macro albuminuria which were highly correlated with progression of 

chronic kidney disease (CKD) [10]. In renal cells, nicotine can enhance proliferation in 

mesangial cell through multiple mechanisms such as, generation reactive oxygen species 

(ROS) [18], and signaling pathways mediated by COX-2, protein kinase C and ERK [19]. 

Smoking is associated with the development of CKD especially in those classified as 

hypertension and diabetic nephropathy [20]. Smoking can causes abnormal renal function 

in non-diabetic patients as well [21].  

Previous studies have shown that nicotine induces cell proliferation in vascular endothelial 

and aortic smooth muscle cells [22-24]. Nicotine can also promote cancer cell proliferation. 
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For instance, nicotine has been reported to induce cell proliferation in non-small cell lung 

carcinoma cells through beta-arrestin-related pathways [25, 26]. Nicotine stimulates the 

growth of human lung cancer cells by increasing the expression of fibronectin [27]. In 

addition to increased cell proliferation, nicotine has also been shown to provide survival 

advantage in primary small airway epithelial cells [26]. 

Potential of nicotine to induce malignant transformation and tumorigenesis is also known. 

For example, eight-week exposure to nicotine resulted in malignant transformation as 

revealed by anchorage independent growth (colony formation assay) of rat lung epithelial 

cells [28]. Nicotine exposure increased the anchorage independent growth in soft agar 

assay and in vivo tumor formation of human breast cancer cells, suggesting the increased 

tumorigenic potential of cancer cells by nicotine exposure [26, 29]. Gastric and colon tumor 

growth is promoted by nicotine in nude mice [30, 31]. Moreover, nicotine also induces cell 

adhesion and tumor metastasis of non-adherent NCI-N417 small cell lung cancer cells [32]. 

These reports indicate that nicotine can promote the growth of cancer cells both in vitro 

and in vivo model systems. However, the effect of nicotine on the growth of normal kidney 

epithelial cells, a major target for cigarette smoke-induced cancer, is not known. Besides, 

most of the studies have shown acute effects of nicotine but the long-term effect is still not 

clear. In this study, we used human renal cortex/proximal tubule cells (HK-2 cells) as an 

in vitro model which has been accepted as a suitable model for in vitro toxicity study [33]. 

HK-2 cells express nicotine acetylcholine receptors (nAChRs), and the effects of nicotine 

on these cells are known to be mediated by activation of nAChRs [34]. Therefore, using 
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this cell line, the objective of this study was to determine the effects of long-term exposure 

to nicotine on the proliferation of normal kidney epithelial cell. Additionally, the molecular 

mechanism through which nicotine can influence the cell proliferation was also evaluated. 

 

4.2. Materials and Methods 

4.2.1. Chemicals 

(-)Nicotine (99%, liquid) and 3-(4, 5 dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium 

bromide (MTT) were purchased from Sigma (St. Louis, MO). Serum free Keratinocyte 

medium and growth factors supplements, Trypsin/ EDTA solution, and Trizol reagent were 

purchased from Invitrogen Inc (Carlsbad, California, USA). Antibiotic/anti-mycotic 

solution was purchased from Life technologies (Carlsbad, California, USA). Cell cycle 

reagent was procured from Millipore (Hayward, California, USA), whereas the PCR 

reagents were purchased from BioRad, Inc. (Hercules, California, USA).  

4.2.2. Cell Culture and Treatments 

HK-2 kidney epithelial cell line derived from human renal cortex/proximal tubule were 

purchased from ATCC.  Cells were maintained in keratinocyte serum free medium (K-

SFM) supplemented with bovine pituitary extract (BPE) and human recombinant 

epidermal growth factor (EGF). Cells were exposed to 1M and 10M of nicotine in 

medium for 72 h (acute) and two months (long-term). Cell growth analysis was performed 
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after 72 h of treatment of nicotine, whereas for gene expression analysis, RNA was isolated 

at 24 h after treatment. 

4.2.3. MTT Cell Proliferation Assay 

For MTT assay, cells were seeded in 96 well plate in K-SFM supplemented with BPE and 

EGF medium.  Cells were given 24 h to attach and then treated with 1M or 10M of 

nicotine in medium. After 72 h of treatment, MTT solution (1 mg/ml final concentration) 

was added to each well and incubated at 37˚C for 4 h. To solubilize the formazan crystals 

formed by mitochondrial activity in viable cells, the cell culture media was completely 

removed, cells were given a wash with 1X PBS, and then 150 μl DMSO was added into 

each well followed by gentle shaking for another 5 minutes. The color intensity of each 

well was measured by using microplate reader at 570nm and 630nm absorbance. Each 

treatment was performed in triplicates and each experiment was repeated twice. 

4.2.4. Flow Cytometric Analysis of Cell Cycle 

The effects of acute- and long-term exposures to nicotine on cell cycle were measured by 

flow cytometry. Cells were collected by trypsinization and fixed in 70% ethanol for 24 h 

at 4˚C. Just before flow cytometry analysis, fixed cells were collected by centrifugation, 

washed in 1X PBS, and then stained with Guava cell cycle reagent for an hour. After 

staining, samples were analyzed by Guava Easy-Cyte HT flow cytometer by counting 5000 

events.  Data were analyzed by Guava Incyte software to calculate the percentage of cells 

in different stages of cell cycle.  
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4.2.5. RNA Isolation and Quantitative Real-Time PCR 

Total RNA was isolated from control and treatment group of cells by using Trizol reagent. 

Quantitative real-time reverse transcriptase-PCR (qRT-PCR) reactions for gene expression 

were performed by using 75 ng total RNA and one step SYBR green RT-PCR kit. CFX96 

real-time PCR detection system (BioRad Inc) was used for PCR amplification. The primers 

of genes of interest are listed in Table 1. The PCR amplification conditions used are as 

follows: 50˚C for 15 minutes for reverse transcription, 95˚C for 5 minutes to inactivation 

of reverse transcriptase, followed by 40 cycles with each cycle containing step 1 of 

denaturation at 95˚C for 10 seconds and step 2 of primer annealing and extension at 60˚C 

for 30 seconds. Melt curve analysis was also performed to confirm the specificity of PCR 

amplicon. Cycle threshold (Ct) value of each gene was normalized by the Ct value of 

housekeeping gene GADPH. The fold change of gene expression was calculated by delta-

delta Ct method [35]. 

4.2.6. Western Blot Analysis 

For western blot analysis, total cellular protein lysates from each treatment group were 

prepared by using RIPA lysis buffer and protein was quantified by Bradford assay. Samples 

with 40μg protein were separated by gel electrophoresis on a 10% SDS-PAGE gel and 

transferred onto nitrocellulose membrane (PVDF). Non-specific binding sites were 

blocked by incubating the membrane for an hour at room temperature in blocking buffer 

containing 5% non-fat dried milk in 1X Tris-buffered saline (TBS). Subsequently, the 
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membrane was incubated individually with primary antibody of Survivin, CyclinD1 and 

phospho-AKT (Ser473) (Cell Signaling Technology) diluted in blocking buffer at room 

temperature for 1 h. Membrane was washed twice with  buffer containing 1X TBS with 

0.05% Tween 20 for 5 minutes each wash. Subsequently, membrane was incubated with 

the diluted solution (in blocking buffer) of appropriate secondary antibody conjugated with 

horseradish peroxidase for 1 h at room temperature. Membranes were again washed twice 

with 5 minutes each wash using washing buffer.  The intensity of band signals was captured 

by using an enhanced chemiluminescence and colorimetric detection kit (BioRad Inc). The 

intensity of protein bands was quantified through Image J software and normalized to the 

expression of housekeeping protein GAPDH. 

4.2.7. Statistical Analysis 

Two-tailed paired t test was used to evaluate statistical significance of the changes in each 

treatment group. Level of significance (α) was set at 0.05 and differences with p<0.05 were 

considered as significant differences. 

 

4.3. Results 

4.3.1. Effect of Nicotine on Cell Proliferation of HK-2 Cells 

To understand the effect of nicotine on cell proliferation, MTT assay was performed on 

HK-2 cells treated with 1 M and 10 M of nicotine for both, acute (72 h) and long-term 
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(2 months) durations. The results of MTT assay are presented in Figure 1. The data of MTT 

assay showed that acute exposure to nicotine at 1 M concentration increased the 

proliferation by 11.8% however this increase was statistically not significant (Figure. 1). 

The acute exposure to nicotine at 10 M resulted in statistically significant decrease by 

19.4% in the proliferation of HK-2 cells (Figure. 1). Interestingly, in contrast to acute 

exposure, the long-term exposure to nicotine at the same two concentrations of 1 M and 

10 M resulted in statistically significant increase by 28.2% and 38.1% respectively, in the 

proliferation of HK-2 cells (Figure.1). Therefore, the result from MTT assay suggests that 

long-term exposure to nicotine increased the cell proliferation of HK-2 kidney epithelial 

cells. 

4.3.2. Effect of Nicotine on Cell Cycle of HK-2 Cells 

Cell cycle analysis by flow cytometry was also performed to confirm the effect of nicotine 

on proliferation of HK-2 cells. Cell cycle histograms representing percentage of cells in 

G0/G1, S, and G2/M phase of cell cycle are given in Figure. 2. The cell cycle analysis 

revealed that as compared to 12.26% in control, the percentages of S phase population of 

cells were 14.96% and 11.66% in 1 M and 10 M nicotine treatment groups of cells, 

respectively (Figure. 2). These changes in S phase of cells population in acute exposure to 

nicotine at 1 M and 10 M concentrations as compared to vehicle treated control was 

statistically not significant. In long-term treatment group, the percentage of S phase 

population of cells in control, and 1 M and 10 M nicotine exposed cells were 6.49%, 
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9.61%, and 10.47%, respectively (Figure. 2). As compared to control, the increase in S 

phase population in 1 M nicotine (by 3.1%) and 10 M nicotine (by 4.0%) were 

statistically significant in long-term treated groups. Therefore, the cell cycle analysis 

further confirmed that long-term exposure to nicotine enhanced the proliferation in HK-2 

cells. 

4.3.3. Effect of Nicotine on the Expression of Cell Survival and Apoptosis 

Related Marker Genes 

The expression of representative marker genes for cell survival and proliferation (Survivin, 

Cyclin D1) and apoptotic (Bcl2, Bax, and P53) were measured at transcript level by qRT-

PCR to further understand the effect of exposure to nicotine in HK-2 cells. The histograms 

representing fold changes in the expression of genes as determined by qRT-PCR are given 

in Figure. 3. Both, the acute and long-term treatment with 1M nicotine resulted 

statistically no significant change in the expression of Survivin, CyclinD1, Bcl2 and Bax as 

compared to untreated control cells (Figure. 3A). However, the expression of p53 was 

significantly increased by 1.6 folds as compared to control cells. The acute treatment with 

10 M nicotine resulted in no significant difference on the expression of Survivin and 

CyclinD1, but there was a significant downregulation of both BCl2 and Bax expression. 

The ratio of Bcl2/Bax was slightly decreased as compared to control cells after acute 

treatment with 10 M nicotine (Figure. 3B). However, a statistically significant increase 

by 2.2 folds in the expression of p53 was observed in cells after acute treatment with 10 

M nicotine (Figure. 3B). The long-term exposure of cells with 10 M nicotine also did 
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not cause any significant change in the expression of Survivin, CyclinD1, Bax and p53. 

Significant increases were observed in the expression of BCl2 and Bcl2/Bax ratio by 1.6 

and 2.3 folds as compared to control cells (Figure. 3B). 

4.3.4. Effect of Nicotine Exposure on The Expression of Marker Proteins for 

Cell Proliferation/Survival and Levels of Phospho-AKT (pAKT) 

Representative marker proteins for cell proliferation, and survival, as well as the levels of 

growth signaling associated proteins pAKT, and its downstream target protein p65 were 

analyzed by western blot analysis. Levels of these proteins as detected by western blot are 

given in Figure. 4A, and the histograms for quantification of band intensity are presented 

Figure. 4B. In acute treatment, there was a dose-dependent and statistically significant 

decrease in the level of Survivin by 1.82 folds and 2.7 folds in 1M and 10 M nicotine 

exposed cells respectively as compared to the control cells. Similarly, the level of CyclinD1 

protein was also decreased by 1.7 and 1.4 folds in cells with acute exposure to 1 M and 

10 M nicotine, respectively, as compared to the control cells. In long-term treatment, the 

level of Survivin was increased by 2.2 folds and 1.3 folds in 1 M and 10 M treated 

groups respectively. Similarly, the level of Cyclin D1 was increased by 5.9 and 5.3 folds 

in 1 M and 10 M nicotine treated groups of cells, respectively, as compared to the control 

cells. Therefore, the expressions of cell proliferation and survival-related marker proteins 

further confirmed the increased growth of HK-2 cells as a result of nicotine exposure. 

In acute treatment, the level of pAKT was significantly decreased by 1.4 and 1.6 folds in 1 

M and 10 M nicotine treated groups respectively, as compared to control cells. In 
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contrast, the long-term treatment resulted in a significant increase in the level of pAKT by 

2.3 and 1.8 folds in 1 M and 10 M nicotine treated groups, respectively, as compared to 

the passage-matched control cells. There was no significant change in the level of p65 in 

cells exposed to any of the two doses of nicotine or the durations of exposure.  

 

4.4. Discussion 

Nicotine, which is a major component of tobacco smoke, has been shown to induce cell 

proliferation of cancer cells both in vitro cell culture as well as in animal models [26, 36, 

37]. However, the adverse effect of acute and long-term exposure to nicotine in normal 

human kidney epithelial cells is still not well understood. To our knowledge, this is the first 

report on the duration-dependent effect of nicotine on the growth of kidney epithelial cells. 

The findings of this study revealed that acute exposure to nicotine causes growth inhibition 

whereas the long-term exposure results in increased proliferation in HK-2 kidney epithelial 

cells. Additionally, the decrease level of pAKT in cells with acute exposure whereas its 

increase in long-term nicotine exposed cells further suggest that nicotine, through 

modulating the AKT pathway, controls the duration-dependent effects on the growth of 

HK-2 cells.  

Acute kidney injury (AKI) is a pathological condition resulting in decline of renal function, 

and it can increase the risk for chronic kidney diseases [38, 39].AKI pathogenesis is 

strongly related to the decreased number of functional kidney cells through the processes 
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of cell inflammation, necrosis and apoptosis. Exposure to environmental chemicals and 

pharmaceutical drugs have been shown to cause nephrotoxicity that ultimately results in 

AKI. For example, cisplatin as a chemotherapeutic drug has been reported to cause AKI, 

through inducing initial apoptosis and further necrosis in proximal tubules [40]. Exposure 

to environmental toxicants including tobacco smoking are also known factors for AKI [14, 

41, 42]. However, whether nicotine, a component of cigarette smoke, has any effects on 

the growth of kidney epithelial cells is not clear. In this context, this study, for the first 

time, evaluated the effect of nicotine on the growth of HK-2 human kidney tubular 

epithelial cells. The result revealed that acute exposure to nicotine, at the concentrations 

that are usually found in the cigarette smokers, causes decreased growth of HK-2 cells. 

There is just one previous report showing similar result  of decreased  growth of HK-2 cell 

through induction of apoptosis by acute exposure to 50-400 M nicotine for 24 h [34]. 

However, the nicotine concentration used in that study is extremely higher than that was 

used in the present study. Additionally, the concentration of nicotine used in the previous 

study is much higher than the concentration usually found in cigarette smokers. Therefore, 

the result of the present study showing decrease in the growth of kidney epithelial cells by 

the nicotine, even in the dose range that is usually found in smoker, suggests that nicotine 

in cigarette smoke can induce AKI by decreasing the kidney tubular epithelial cells.   

In this study, contrary to acute exposure, the long-term exposure to nicotine resulted in 

increased proliferation of HK-2 cells. Most of the previous studies on the effects of long-

term exposure to nicotine have been conducted with in vivo animal models and there are 
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very few studies on the effects of nicotine on the cell proliferation using human cell lines 

derived from normal tissue [43-45]. For example, long-term exposure to nicotine has been 

reported to increase growth in terms of proliferative diseases and biliary fibrosis [46]. 

Multiple studies have also shown that nicotine can induce proliferation in various cancer 

cells, such as, pancreatic, bladder, lung and breast cancer cells [47-52]. However, there is 

still lack of evidence about the proliferative effects of long-term exposure to nicotine in 

normal kidney cells. Although, nicotine has been shown to act as promoter to 

carcinogenesis, the mitogenicity of nicotine and its potential as an initiator of 

carcinogenesis is still not clear. In this study, long-term exposure to nicotine resulted in 

increased cell growth as revealed by MTT assay and further confirmed by cell cycle 

analysis as well as expression of cell proliferation/survival marker proteins. Therefore, to 

our knowledge, this is the first study suggesting that chronic exposure to nicotine can 

induce proliferation in human kidney epithelial cells as a potential initiating event that 

might lead to malignant transformation. Further study with longer duration treatment is 

needed to confirm the nicotine-induced malignant transformation in kidney epithelial cells. 

In order to understand the molecular basis of the duration-dependent effects of nicotine 

exposure on the growth of HK-2 cells, the expression of marker genes for apoptosis and 

cell growth as well as the level of growth signaling pathway proteins were also analyzed. 

Our data revealed the expression of p53 was dose-dependently increased in acute whereas 

dose-dependently decreased in long-term nicotine treated cells. The p53 is considered as 

master regulator of cell cycle. The increased expression of this gene results in cell cycle 
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arrest and growth inhibition, and induction of apoptosis, whereas the loss of p53 is known 

to increase cells in S-phase and increased cell proliferation [53]. Previous studies have also 

shown that the modulation of cell growth by exposure to nicotine is mediated by the p53 

[54, 55]. Our data revealed decreased ratio of anti-apoptotic gene Bcl2 and pro-apoptotic 

gene Bax in cells with acute exposure whereas the increased ratio in cells with long-term 

exposure to nicotine. This further suggests that observed duration-dependent effects of 

nicotine on growth of HK-2 cells involves both p53 and Bcl2-dependent pathways. 

Interestingly, in this study, we observed the expression of cell proliferation marker 

CyclinD1 and cell survival marker Survivin was increased at protein level but not at 

transcript level. Similar to the results of present study, previous reports suggest that 

nicotine induces CyclinD1-mediated cell proliferation and inhibits cell differentiation 

through p53-dependent pathway in mouse pre-osteoblastic cell line [56]. Additionally, the 

long-term exposure to nicotine has also been shown to induce Cyclin D1 protein expression 

via Ras-related pathway [57]. These previous reports and finding of this study, together 

suggest that nicotine can modulate cell growth through regulation of CyclinD1 and Survivn. 

Furthermore, the increased expression of CyclinD1 and Survivin only at protein level but 

not at transcript level as observed in this study suggests the post-transcriptional regulation 

of these genes by nicotine and this needs to be further investigated.  

In this study, the role of growth signaling protein pAKT and its downstream target protein 

p65, a subunit of NFB, in mediating the effects of nicotine was also evaluated.  Our data 

revealed no change in p65 expression. However, decreased levels of pAKT in cells with 
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acute exposure to nicotine whereas increased levels of pAKT in cells with long-term 

exposure to nicotine, suggest that the nicotine, through regulation of pAKT levels controls 

the growth of HK-2 cells. AKT has been known to promote cell survival and suppress 

apoptosis [58]. In addition, PI3K/AKT pathway is also well-known to induce Survivin-

mediated cell survival through interaction with other protein [59]. Similar to these previous 

reports, a decreased level of pAKT and its downstream target Survivin in cells with acute 

exposure to nicotine, whereas increased level of pAKT and Survivin in cells with long-

term exposure to nicotine was observed in this study. Therefore, based on these findings 

of pAKT and Survivin levels in nicotine exposed cells and previous reports as mentioned 

above, it is logical to conclude that the nicotine, through regulation of AKT-dependent and 

Survivin-mediated pathway, decreases growth in acute exposure, whereas increases growth 

in chronic exposure of HK-2 kidney epithelial cells. 

In summary, the findings of this study suggest that the acute exposure to nicotine can cause 

decreased growth of kidney tubular epithelial cells. The long-term exposure to nicotine, 

however, results in increased survival leading to increased growth of kidney tubular 

epithelial cells.  The data suggest that depending on the duration of exposure, the nicotine 

can cause acute kidney injury (AKI) by decreasing the growth of normal kidney tubular 

epithelial cells in acute exposure, whereas the long-term exposure can lead to proliferative 

diseases, such as, cancer in the kidney by increasing the survival and inducing the 

proliferation of these cells. Therefore, the observation of this study will be clinically 

significant in terms of kidney diseases. Additionally, data of this study also suggest that 
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the duration of exposure-dependent effects of nicotine on the kidney tubular epithelial cells 

are mediated by pAKT growth signaling pathway. 
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Table 4-1. List of Genes with Their Forward and Reverse Primer Sequences Used for 

The Gene Expression Analysis. 

Gene Forward primer sequence (5’-3’) Reverse primer sequence (5’-3’) Size (bp) 

GAPDH GGTGGTCTCCTCTGACTTCAACA GTTGCTGTAGCCAAATTCGTTGT 116 

Survivin AGCCAGATGACGACCCCATT GCAACCGGCCGAATGCTTTT 119 

CyclinD1 AACTACCTGGACCGCTTCCT CCACTTGAGCTTGTTCACCA 204 

Bcl2 GGATGCCTTTGTGGAACTG AGCCTGCAGCTTTGTTTCAT 231 

Bax TTTGCTTCAGGGTTTCATCC CAGTTGAAGTTGCCGTCAGA 246 

p53 GTGGTTTCAAGGCCAGATGT GGCCCACTTCACCGTACTAA 156 
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Figure 4-1. Cell Viability of HK-2 Cells with Acute and Long-Term Exposure of 

Nicotine by MTT Assay. 

HK-2 cells were given either acute or long-term nicotine exposure and the growth was 

measured by MTT assay as described in materials and methods section. MTT data was 

converted into percentage with control as 100 % and histogram was plotted. Statistically 

significant change in the cell viability of treated groups as compared to the respective 

control is indicated by an * symbol. Each histogram represents the means of triplicate 

values. The error bars represent standard deviation (SD). Statistically significant (p<0.05) 

changes are indicated by the symbol *. 
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Figure 4-2. Flow Cytometry Analysis of Cell Cycle of HK-2 cells Treated with Acute and Long-term Exposure of Nicotine. 

Flow cytometry analysis of cell cycle of HK-2 cells treated with acute and long-term exposure to nicotine. Histograms 

representing percentage cells in G0/G1, S, and G2/M compartments of cell cycle from untreated control cells (left panel), and 

cells treated with nicotine at 1 M (center panel) and 10 M (right panel) concentrations.  The error bars represent standard 

deviation (SD).  The symbol * represents statistically significant (p<0.05) changes in the population of each phase from nicotine 

treated groups as compared to their control group of HK-2 cells.  
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Figure 4-3. The Analysis of Gene Expression in HK-2 cells Exposed to Nicotine. 

Real time quantitative reverse transcription PCR analysis of expression of genes related to 

cell survival, proliferation and apoptosis in HK-2 cells treated with nicotine at 

concentration of 1 M (Fig. 3A) and 10 M (Fig. 3B) for acute and long-term duration. 

One-step real-time quantitative reverse transcription PCR for gene expression at transcript 

level was performed as described in materials and methods. The gene expression in fold-

change was calculated by delta-delta Ct method. The histograms were plotted by using the 

means of triplicate values. The error bars represent standard deviation (SD). Statistically 

significant (p<0.05) changes are indicated by the symbol *.  
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Figure 4-4. Western Blot Analysis of Protein Expression in HK-2 Cells with Acute 

and Long-term Exposure of Nicotine. 

Western blots using protein lysates were performed as described in materials and methods. 

4A represents Western blot images, and 4B represents histogram for band intensity 

(normalized to GAPDH) as quantified by Image J. Band intensity histogram of 1 M and 

10 M concentration of nicotine treatment groups are shown as left panel and right panel 

respectively. The error bars represent standard deviation (SD). Statistically significant 

(p<0.05) changes in nicotine-treated cells as compared to its control cells within each group 

are indicated by symbol *. 
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CHAPTER V 

NICOTINE-INDUCED OXIDATIVE ETRESS CONTRIBUTES TO EMT AND 

STEMNESS THROUGH EPIGENETIC MODIFICATIONS DURING 

MALIGNANT TRANSFORMATION IN HUMAN KIDNEY EPITHELIAL 

CELLS 

Yu-Wei Chang and Kamaleshwar P Singh 

Department of Environmental Toxicology, The Institute of Environmental and Human 

Health (TIEHH), Texas Tech University, Lubbock, Texas, USA 

ABSTRACT 

Nicotine is a component of cigarette smoke and mounting evidence implicates tobacco 

smoking in kidney cancer development. Carcinogenicity of nicotine itself in kidney cancer 

and the underlying molecular mechanisms is not well-understood. Hence, the objective of 

this study was to determine the carcinogenic effects of chronic nicotine exposure in human 

kidney epithelial cells (HK-2). The effects of nicotine exposure on the expression of genes 

for cellular reprogramming, redox status, and growth signaling pathways were also 

evaluated to understand the molecular mechanisms. Results revealed that chronic exposure 

to nicotine induced growth and malignant transformation in HK-2 cells. Interestingly, the 

nicotine-exposed cells had inherently increased levels of intracellular reactive oxygen 

species (ROS), acquired stem cell-like sphere formation, and epithelial-mesenchymal-

transition (EMT) changes. Treatment with antioxidant N-acetyl-cysteine (NAC) resulted 

in abrogation of EMT and stem cell-like sphere in HK-2 cells, indicating the role of 

nicotine-induced ROS in these morphological changes. The result also suggests that ROS 

controls the stemness through regulation of AKT pathway during early stages of 

carcinogenesis. Additionally, the expression of epigenetic regulatory genes was altered in 
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nicotine-exposed cells and the changes were reversed by NAC. The epigenetic therapeutics 

5-aza-2-deoxycytidine and Trichostatin A also abrogated the stemness. This suggests the 

nicotine-induced oxidative stress causes epigenetic alterations contributing to stemness 

during malignant transformation. In summary, to our knowledge, this is the first report 

showing the carcinogenicity of chronic nicotine exposure in human kidney epithelial cells 

through ROS-mediated epigenetic modifications that can be inhibited by antioxidant. 
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5.1. Introduction 

Kidney cancer is one of the dominant and the most lethal urologic cancers in both genders 

[1]. Kidney cancer includes various histopathological forms and among them, renal cell 

carcinoma (RCC) is the most predominant form of kidney cancer [2]. Worldwide incidence 

rate and mortality of renal malignancies have increased over the last 30 years [1, 3]. 

Mounting evidence suggests that both genetic and environmental factors influence the risk 

of kidney cancers. For example, mutations in at least 12 well-studied genes known 

including von Hippel–Lindau (VHL), PTEN, succinate dehydrogenase and fumarate 

hydratase etc. [2] are known to be associated with kidney cancer [4]. Similarly, cigarette 

smoking is a major environmental risk factor associated with kidney cancers especially 

RCC [5].  

Smoking as a major source of nicotine has been reported a most common risk factor for 

kidney cancer [5, 6]. International Agency for Research on Cancer (IARC) has considered 

that smoking a causal risk factor for RCC [7]. Previous study indicates that cigarette 

smoking can cause a 50% increased risk of kidney cancers in male smokers and a 20% 

increased risk in female smokers [8]. In addition to smoking, the carcinogenic potential of 

nicotine itself has also been reported [9, 10]. Nicotine is a natural compound found in 

tobacco leaves, and smoking is the major route of nicotine exposure for human [11]. The 

half-life of nicotine in human plasma is around two hours [12]. The concentration of 

nicotine in blood of individual tobacco smoker can be various (25nM to 444nM), but the 

average plasma concentration of nicotine in heavy smokers is around 0.6M [13, 14]. 
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Accumulated evidence has indicated that nicotine causes instability of genome and create 

the cancer-supporting environment [10]. Evidence shows the genotoxicity of nicotine in 

cultured cells [15] supporting the carcinogenic potential of this chemical. Nicotine 

exposure induces tumor development of various cancer cell lines in vivo such as, lung [16], 

pancreas [17], and gastrointestinal tract cancer cells [18]. Nicotine exposure results in 

malignant transformation of rat lung epithelial cells [19]. Nicotine increases in vivo tumor 

formation of several cancer cells, suggesting the nicotine-induced tumorigenic potential of 

cancer cells [20]. Moreover, nicotine can induce tumorigenic events such as increasing cell 

proliferation [20]. Previous study has shown that 1M nicotine, which is comparable to the 

level of nicotine in the blood of smokers (0.6M), can induce cell proliferation via affecting 

mitogen-activated protein (MAP) kinase and protein kinase C (PKC) signaling pathways 

in lung cancer cells [21]. Similarly, the recent report from our lab also indicates that long-

term exposure to nicotine for two months induces abnormal cell proliferation in human 

kidney epithelial cells potentially through AKT pathway [22].  

The imbalance of oxidative stress and DNA damages generated by nicotine exposure are 

mechanisms contributing to disease development. For instance, nicotine induces oxidative 

stress through the generation of reactive oxygen species (ROS) playing an important role 

in neurodegenerative diseases [23]. Nicotine-induced oxidative stress and DNA damages 

are associated with RCC development [5]. Nicotine causes DNA mutations potentially 

mediated by oxidative stress, which is related to cancer-associated genes in normal human 

lung epithelial cells [24]. In addition, the epigenetic changes such as DNA methylation and 
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histone modifications mediated by cigarette smoking are also believed as another 

mechanism in smoke-related diseases [25]. Previous study has demonstrated the effects of 

oxidative stress in epigenetics [26]. However, the role of nicotine-induced oxidative stress 

in epigenetics during disease development is still unclear.  

These reports indicate that nicotine promotes the growth of normal and cancer cells both 

in vitro and in vivo model systems, however, the carcinogenic effects of nicotine itself on 

normal kidney epithelial cells is still not known. Therefore, the objective of this study was 

to determine the carcinogenic potential of chronic exposure to nicotine on normal human 

kidney epithelial cells, and to identify the underlying molecular mechanism. 

 

5.2. Materials and Methods 

5.2.1. Chemicals 

(-) Nicotine (99%, liquid), 2’, 7’dichlorodihydrofluorescindiacetate (DCFH-DA), 

Hydrogen peroxide (H2O2) 30% solution (w/v), N-Acetyl-L-cysteine (NAC), 5-aza-2-

deoxycytidine (5-Aza-2’-dC), Trichostatin A (TSA) and 3-(4, 5 dimethylthiazol-2-yl)-2, 5-

diphenyltetrazolium bromide (MTT) were purchased from Sigma (St. Louis, MO). Serum 

free Keratinocyte medium and growth factors supplements, Trypsin/ EDTA, 

antibiotic/antimycotic solution, and Trizol reagent were purchased from Invitrogen Inc 

(Carlsbad, California, USA). Cell cycle reagent was procured from Millipore (Hayward, 
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California, USA). PCR reagents were purchased from BioRad, Inc. (Hercules, California, 

USA).  

5.2.2. Cell Culture and Treatments 

Human renal cortex/proximal tubule epithelial cells (HK-2) were purchased from ATCC 

(Cat # 2190). Cells were maintained up to 6 months in Keratinocyte serum free medium 

(K-SFM) supplemented with bovine pituitary extract (BPE) and human recombinant 

epidermal growth factor (EGF). Based on the findings of our previous study [22], 1M and 

10M of nicotine were used to evaluate the chronic effects on cell growth, morphological 

changes, malignant transformation and molecular analysis. For acute treatment, actively 

growing sub-confluent cells were exposed to 1M and 10M of nicotine in culture medium 

for 72 h. For chronic treatment, cells were maintained in nicotine containing media for up 

to six months. For analysis of temporal changes, cells were also collected at 2 weeks and 

one month of exposure. To evaluate the effect of antioxidant, HK-2 cells with one-month 

exposure to nicotine were given co-treatment of 25 M N-Acetyl-L-cysteine (NAC) along 

with nicotine. After NAC treatment for 72 h, the floating cells and sphere colony were 

collected from medium and re-seeded in a fresh 6 cm2 culture dishes for the further 

investigation. The adherent cells were used for protein collection. To evaluate the 

relationship between nicotine-induced oxidative stress and epigenetic changes, HK-2 cells 

treated with 1M nicotine for one month were exposed to 0.5M 5-Aza-2’-dC 

(demethylation reagent) or 25nM TSA (HDAC inhibitor) for 72 h. Cell growth analysis 
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was performed after 72 h of nicotine treatment, whereas for gene expression analysis, RNA 

was isolated at 24 h after treatment. 

5.2.3. MTT Cell Proliferation Assay 

Cells were seeded in 96-well plate, given 24 h to attach, and then treated with Nicotine in 

culture medium for 72 h. To measure the effects of nicotine on cell viability and growth, 

MTT solution (1 mg/ml final concentration) was added to each well and incubated at 37˚C 

for 4 h. To dissolve the formazan crystal, cell culture media was completely removed, cells 

were given a 1X PBS wash, and then 150μl DMSO was added into each well followed by 

gentle shaking for 5 minutes. The color intensity of each well was measured by using 

microplate reader at 570nm and 630nm absorbance. Each treatment was performed in 

triplicates and each experiment was repeated twice. 

5.2.4. Intracellular ROS Production 

The intracellular ROS production was measured using 2’, 7’-dichlorofluorescein diacetate 

(DCFH-DA) method. DCFH-DA is a fluorogenic compound which can diffuse into the 

cells. Intracellular esterases cause deacetylation on DCFH-DA and further generate 2’, 7’-

dichlorodihydrofluorescin (DCFH). DCFH gets oxidized by intracellular ROS into highly 

fluorescent 2’, 7’-dichlorofluorescin (DCF). Therefore, the intensity of fluorescence 

indicates the level of intracellular ROS. To measure the level of intracellular ROS, HK-2 

cells seeded in 96-well plates were washed with 1X PBS and incubated with DCFH-DA in 

a final concentration of 10 M for 30 minutes. After removing the culture media, cells were 
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washed with 1X PBS, and then treated with nicotine or H2O2 (as positive control) in 1X 

PBS for 30 min. Intensity of DCF fluorescence was measured using the microplate reader 

at excitation wavelength of 485 nm and emission wavelength of 535 nm. Untreated control 

HK-2 cells with DCFH-DA were also included as negative control, whereas untreated 

control HK-2 with 250 M H2O2 and DCFH-DA treatments served as positive control. 

5.2.5. Cell Cycle Analysis 

The effects of chronic exposures to nicotine on cell cycle were measured by flow cytometry. 

Cells were collected and fixed in 70% ethanol for 24 h at 4˚C. Before flow cytometry 

analysis, fixed cells were collected by centrifugation, washed with 1X PBS, and stained 

with Guava cell cycle reagent for an hour. After staining, samples were analyzed by Guava 

Easy-Cyte HT flow cytometer by counting 5000 events.  Data were analyzed by Guava 

Incyte software to calculate the percentage of cells in different stages of cell cycle.  

5.2.6. RNA Isolation and Quantitative Real-Time PCR 

Total RNA was isolated by using Trizol reagent from the cells of respective groups. 

Quantitative real-time reverse transcriptase-PCR (qRT-PCR) reactions for gene expression 

were performed by one step SYBR green RT-PCR kit. CFX96 real-time PCR detection 

system (BioRad Inc) was used for PCR amplification. The primers of genes of interest are 

listed in Table 1. The PCR amplification conditions used are: 50˚C for 15 minutes for 

reverse transcription, 95˚C for 5 minutes to inactivation of reverse transcriptase, followed 

by 40 cycles with each cycle containing step 1 of denaturation at 95˚C for 10 seconds and 
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step 2 of primer annealing and extension at 60˚C for 30 seconds. Cycle threshold (Ct) value 

of each gene was normalized by the Ct value of housekeeping gene GADPH. The fold 

change of gene expression was calculated by delta-delta Ct method [27]. 

5.2.7. Western Blot Analysis 

Total cellular protein lysates from each group were prepared by using RIPA lysis buffer 

and protein was quantified by Bradford assay. Total proteins were separated by gel 

electrophoresis on SDS-PAGE gel and transferred onto nitrocellulose membrane (PVDF). 

Non-specific binding sites were blocked by blocking buffer containing 5% non-fat dried 

milk in 1X Tris-buffered saline (TBS) for an hour. Membranes were incubated individually 

with diluted primary antibody of ZO-1, Vimentin, phospho-p38 MAPK (pp38), phospho-

Histone 2X (pH2AX) and phospho-AKT (pAKT, Ser473) (Cell Signaling Technology) in 

blocking buffer at room temperature for an hour. Membrane was washed twice with 1X 

TBS with 0.05% Tween 20 for 5 minutes each wash. Subsequently, membrane was 

incubated with appropriate secondary antibody conjugated with horseradish peroxidase for 

an hour at room temperature. Membranes were washed again for 5 minutes each wash 

using washing buffer. The intensity of band signals was captured by chemiluminescence 

detection kit (Cell Signaling Technology). The intensity of each band was quantified 

through ImageJ software and normalized to the expression of housekeeping protein 

GAPDH. 
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5.2.8. Anchorage-Independent Soft Agar Assay 

Soft agar colony formation assay was performed to evaluate the effect of chronic exposure 

to nicotine on anchorage-independent growth to confirm malignant transformation in HK-

2 cells. Base layer of soft agar was prepared by adding 2 mL of 0.7% agar in K-SFM 

medium into each well of 6 well plates and allowed to polymerize. Cells (7 × 103 number) 

from each treated group were mixed in Top layer of soft agar (0.5% agar in K-SFM medium) 

and plated over the base layer in each well. The growth of cells on soft agar was monitored 

by microscopic observation on daily basis. Representative pictures of colonies were taken 

on Day 20. Cells from individual colonies of each group were isolated and re-seeded in 

cell culture dishes with K-SFM medium for further analysis at molecular level. 

5.2.9. Statistical Analysis 

One-way ANOVA and two-tailed paired t test were used to evaluate statistical significance 

of the changes in each treatment group. Level of significance (α) was set at 0.05 and 

differences with p<0.05 were considered as significant differences. 

 

5.3. Results 

5.3.1. Chronic Exposure to Nicotine Induced Cell Proliferation  

MTT assay and cell cycle analysis was performed with HK-2 cells treated with 1M and 

10M of nicotine for approximately six months. The result of MTT assay revealed an 
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increased by 61.2% and 11.9% in the growth of HK-2 cells chronically exposed to 1M 

and 10M nicotine (Figure 1A). Similarly, the results of cell cycle analysis revealed 

statistically significant increase of S phase cell population by 5.83% and 4.43% in cells 

exposed to 1M and 10M nicotine respectively (Figure 1B). 

5.3.2. Nicotine Induces Malignant Transformation and Activation of AKT and 

p38 Pathways in HK-2 Cells 

To evaluate the carcinogenic effect of chronic exposure to nicotine in HK-2 cells, soft agar 

assay was performed. The nicotine exposed cells formed clear and larger sized colonies on 

soft agar whereas the untreated cells had hardly few very small colonies (Figure 2A). The 

cells exposed to low concentration (1M) of nicotine formed greater number of colonies 

than the cells exposed to relatively higher concentration (10 M) of nicotine.  

To further confirm the growth and malignant transformation at molecular level, the cells 

derived from individual colonies on soft agar were used. The representative markers for 

cell proliferation (Survivin and Cyclin D1) and tumor suppressor (VHL) were evaluated 

through qRT-PCR. Results revealed a significant increase in the expression of cell survival 

marker Survivin by 2.62- and 1.71-fold in cells exposed to 1M and 10M nicotine 

respectively. Similarly, the expression of Cyclin D1 was significantly increased by 2.88- 

and 1.33-fold in cells exposed to 1M and 10M nicotine respectively (Figure 2B). There 

was no significant change in the expression of tumor suppressor VHL in cells malignantly 

transformed by nicotine. 
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The levels of active form of AKT (pAKT) and p38 (pp38) growth signaling proteins as 

well as the DNA damage biomarker pH2AX were also measured by western blot analysis. 

The level of pAKT was significantly increased by 2.35- and 1.46 folds in cells transformed 

by 1M and 10M nicotine respectively (Figure. 2C). Similarly, the level of pp38 was 

increased by 1.51- and 1.21-fold in 1M and 10M nicotine-induced transformed group of 

cells respectively (Figure 2C). The level of pH2AX in was dose-dependently increased by 

3.57- and 8.19 folds in cells transformed by 1M and 10M nicotine respectively (Figure 

2C). Therefore, the results confirmed the malignant transformation of HK-2 cells by 

nicotine exposure. The increased level of pH2AX further suggests the accumulation of 

DNA double strand break in these transformed cells. 

5.3.3. Nicotine Induced EMT and Stem Cell-Like Sphere Formation during 

Malignant Transformation of HK-2 Cells 

Another important observation was the appearance of morphological changes in cells 

chronically exposed to nicotine. A spindle-like shape similar to mesenchymal cells 

suggesting the EMT and formation of stem cell-like sphere in nicotine exposed cells were 

apparent. These morphological changes in cell morphology and stemness were observed 

as early as two weeks after the initial treatment (Figure 3A, upper panel) and persisted until 

6 months (Figure 3A, lower panel) when cells start showing characteristics of malignant 

transformation in soft agar. The acquisition of EMT and floating stem cell spheres were 

pronounced in cells exposed to 1M nicotine treatment. However, there was no clear 

morphological changes of EMT and appearance of floating stem cell spheres in 10M 
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nicotine-treated group (Figure 3A). To further confirm the observed morphological 

changes, the expression of representative marker genes for EMT (E-cadherin, Vimentin) 

and stem cell (Oct4, Nanog, CD44) was analyzed in the cells treated with nicotine for two 

weeks. The results revealed a decrease in the expression of E-cadherin and Vimentin in 

cells exposed to 1M nicotine, but there was no significant change in the expression of 

those gene in 10M nicotine-exposed cells. Cells exposed to1M nicotine had increased 

expression of stem cell markers Oct4, Nanog and CD44 by 1.47-, 1.58- and 1.48 folds, 

respectively. Similarly, 10M nicotine induced the expression of Oct4, Nanog and CD44 

by 1.46-, 1.35- and 1.56 folds, respectively (Figure 3B, right panel). Therefore, the gene 

expression data further confirmed the EMT and stem cell-like sphere formation in HK-2 

exposed to nicotine. 

5.3.4. Nicotine Induces Intracellular ROS in HK-2 Cells 

In order to evaluate the effect of nicotine exposure on the level of ROS in HK-2 cells, the 

DCF-DA assay was performed. The result revealed that acute treatment of cells with 1M 

and 10M nicotine increased the level of intracellular ROS by 67.7% and 62.4% 

respectively as compared to untreated control (Figure 4A, left panel). Moreover, we also 

determine whether the source of the increased ROS is the nicotine presence or inherent 

changes in the potential of cells by nicotine to endogenously produce higher levels of ROS 

during carcinogenesis. For this purpose, cells exposed to nicotine for two durations (two 

weeks and 6 months) were sub-cultured and grown in the medium without nicotine and 
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then DCF-DA assay was performed. Interestingly, the results showed the basal level of 

intracellular ROS was increased in a time-dependent pattern with 61.1% and 102.9% in 

cells with two weeks and 6 months of 1M nicotine exposure. There was a 107.0% and 

107.9% increase in the intracellular ROS in cells exposed to 10M nicotine for two weeks 

and 6-months respectively, suggesting no duration-dependent increase in intracellular ROS. 

(Figure 4A, right panel).  

5.3.5. Nicotine Decreases the Expression of Antioxidant Genes  

To further confirm the impact of nicotine exposure on oxidative stress during early stage 

of carcinogenesis, the expression of selected representative anti-oxidative marker genes 

(MnSOD, GPX1, CAT, GSTP1, NRF2, and SOD1) was also measured in HK-2 cells with 

two-week nicotine exposure (Figure 5A and 5B). The data of qRT-PCR analysis suggested 

that 1M nicotine exposure significantly decreased the gene expression of MnSOD, GPX1, 

CAT, GSTP1 and NRF2 by 2.7-, 1.37-, 1.28-, 1.43- and 1.49 folds respectively (Figure 5A). 

Nicotine at 10M concentration significantly down-regulated the expression of MnSOD, 

CAT and NRF2 by 2.38-, 1.14- and 1.22 folds respectively but did not affect GPX1 and 

GSTP1 expression (Figure 5B). Western blot analyses of the selected anti-oxidative 

proteins were further performed to confirm the gene expression data.  A significant 

decrease in the protein levels of Nrf2, SOD1 and GSTP1 by 1.61-, 2.04- and 1.28 folds 

respectively in 1M nicotine exposed cells as compared to untreated control cells (Figure 

5A). Similarly, the protein expression of Nrf2, SOD1 and GSTP1 in 10M nicotine 
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exposed cells were decreased by 3.33-, 2.78- and 1.75-fold, respectively (Figure 5B). 

Therefore, the data of DCF-DA assay along with qRT-PCR and Western blot analysis 

confirmed the increased intracellular ROS and decreased levels of anti-oxidative markers 

in nicotine exposed HK-2 cells.  

5.3.6. Antioxidant NAC Abrogated EMT and Stemness in Lower Concentration 

of Nicotine-Exposed Cells, whereas It Enhanced These Phenotypes in 

High Concentration of Nicotine-Exposed Cells 

To evaluate the role of nicotine-induced ROS in EMT and stem cell-like sphere formation, 

cells exposed to nicotine for a month were treated with NAC, and its effect on 

morphological changes were observed (Figure 6A). The result revealed that NAC inhibited 

the EMT and floating stem cell sphere formation in cells with 1M nicotine treatment. 

Intriguingly, the NAC treatment resulted in appearance of floating stem cell spheres in 

10M nicotine-treated group of cells. NAC did not affect the cell morphology in untreated 

control group.  

In order to further confirm the stem cell properties of those floating cells including spheres, 

floating cells and/or spheres from the culture medium of each treated group were collected 

by centrifugation and seeded in fresh media into a new culture dish. The control and 10M 

nicotine-exposed floating cells did not grow after transferring into new culture dishes. 

However, the floating cells from1M nicotine-exposed group, just after a day of seeding 

into new culture dish, attached well and maintained the stem cell-sphere formation. 

Floating cells from 1M nicotine and NAC co-treated group also attached after a day of 

seeding, but there was a significant abrogation of stem cell spheres in this group. More 
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importantly, the floating cells from 10M nicotine and NAC co-treated group not only 

attached but also formed increased number of stem cell spheres. These impacts of NAC 

treatment on cell morphology and stemness were clearer as they grow longer in culture. At 

day 10 in culture, the influence of NAC was effective that the morphological changes of 

EMT and stem cell spheres in 10M nicotine and NAC co-treated group were similar to 

those cells from 1M nicotine treated group. In contrast to 10M nicotine treated group 

where NAC resulted in increased stemness and EMT, there was a complete abrogation of 

EMT and stemness in 1M nicotine and NAC co-treated group of cells at day 10. Our data 

suggest that the 10 M nicotine exposed cells with higher intracellular ROS might not have 

the ability to acquire stem cell-like sphere and EMT at the early stage of malignant 

transformation, however, once the level of intracellular ROS is decreased by NAC to 

relatively lower level, the capability of sphere formation and EMT will be triggered. 

5.3.7. The Effects of NAC in the Expression of EMT Markers 

Western blot analysis of selected EMT marker proteins (ZO-1 and Vimentin) including 

pAKT was performed to further confirm the EMT phenotype in nicotine-exposed cells 

(Figure 7A). The results showed that 1M and 10M nicotine significantly decreased the 

level of epithelial marker ZO-1 by 11.63- and 1.85 folds respectively as compared to 

untreated control cells (Figure 7B). The expression of mesenchymal marker Vimentin was 

increased by 1.26- and 1.37 folds in 1M and 10M nicotine exposed cells respectively 

(Figure 7C). The expression of pAKT was also decreased by 1.52- and 1.16-fold in 1M 
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and 10M nicotine exposed cells respectively (Figure 7D). The treatment with NAC did 

not cause any significant change in the levels of these three markers in untreated control 

cells. NAC treatment slightly restored the expression of ZO-1 in 1M nicotine-treated 

group, however, the level of this protein was further decreased in 10M nicotine-exposed 

cells (Figure 7A). The pattern of pAKT levels was similar to ZO-1 in nicotine exposed 

cells after NAC treatment (Figure 7D). The expression of Vimentin was not changed in 

1M nicotine-treated group whereas it was significantly decreased in 10M nicotine-

exposed cells after NAC treatment (Figure 7C). Therefore, the western blot analysis of 

marker proteins confirmed not only the acquisition of EMT but also the role of increased 

ROS levels in emergence of EMT in nicotine-exposed cells. 

5.3.8. Epigenetic Therapeutics Abrogated the Nicotine-Induced Stemness 

In order to further evaluate if epigenetic mechanisms involved in nicotine-induced ROS-

dependent malignant transformation, 1M nicotine-exposed cells with stem cell-like 

spheres were treated with epigenetic reagents 5-Aza-2’-dC and TSA for 72 h. Our results 

revealed that 5-Aza-2’-dC extremely diminished the nicotine-induced stemness, whereas 

TSA inhibited nicotine-induced stemness partially (Figure 8A). 

5.3.9. NAC Restored the Expression of Epigenetic Regulatory Genes in 

Nicotine-Exposed Cells 

To further confirm the role of epigenetics in nicotine-induced stemness, the expression of 

representative marker genes for DNA methylation (DNMT1, DNMT3a, DNMT3b) and 

histone modifications (HDAC1, HAT1, HMT1) was analyzed in 1M nicotine-exposed 
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cells with or without NAC treatment. The results revealed a significant decrease in the 

expression of DNMT3a, whereas a significant increase in the expression of DNMT3b and 

HMT1 in 1M nicotine-exposed cells (Figure 9). Intriguingly, NAC reversed the decreased 

expression in DNMT3a, whereas inhibited the expressions of DNMT3b and HMT1. 

Therefore, our data suggested that the epigenetic changes in nicotine-exposed cells are 

associated with the increased ROS, which can be inhibited by NAC. Moreover, it also 

indicated that nicotine-caused morphological changes of stemness during malignant 

transformation are related to ROS-mediated epigenetic changes. 

 

5.4. Discussion 

Exposure to nicotine has been reported to increase the risk of several types of cancer 

including kidney cancer [9, 10]. However, there is no direct evidence to support the 

nicotine-induced malignant transformation of kidney epithelial cells. Additionally, the 

underlying mechanism for adverse effects of nicotine in kidney cells is still not well-

understood. Therefore, to our knowledge, this is the first report on the malignant 

transformation of human kidney epithelial cells by chronic exposure to nicotine through 

generation of ROS. Moreover, the observed morphological changes of EMT and stemness 

as well as activation of AKT and p38 pathway in nicotine-exposed cells suggest that these 

morphological and molecular changes might be the potential mechanisms in nicotine-

induced malignant transformation of kidney epithelial cells. In addition, lower 
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concentration of nicotine (1M) causes greater carcinogenetic effects as compared to 

higher concentration of nicotine (10M).  

Multiple reports suggest that exposure to nicotine, either directly or through other sources 

such as smoking, is associated with increased cell growth and cancer development. For 

example, cigarette smoke condensate with low-nicotine concertation induces malignant 

transformation in mouse cells [28]. The NNK and B[a]P constituents of tobacco smoke 

were shown to induce malignant transformation in normal human bronchial epithelial cells 

through increased expression of Survivin [29]. Our recently published data also revealed 

similar results of increased expression of Survivin in nicotine exposed HK-2 kidney 

epithelial cells [22]. Nicotine exposure-induced cell proliferation in human mesangial cells 

[30] as well as malignant transformation of head and neck squamous cell carcinoma [31] 

and pancreatic cells [32] have also been reported. Although these reports suggest the 

growth and transformation potential of nicotine in various cell lines, but its carcinogenic 

effect on normal human kidney epithelial cells were not known. In this context, our data 

provide the first evidence for carcinogenic potential of nicotine in normal human kidney 

epithelial cells.  

In our study, morphological changes of EMT and stemness as well as the molecular 

changes in expression of representative marker genes were observed during nicotine-

induced transformation in HK-2 cells. The events of EMT and acquisition of stem cell 

properties are believed to serve as one of the mechanisms for cancer development [33]. 

Nicotine has been shown to induce EMT in human airway epithelial cells [34] and 
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malignant transformation in human umbilical cord mesenchymal stem cells through the 

further increase in stemness and EMT properties [35]. Moreover, multiple evidence also 

indicates that nicotine can increase the metastatic potential in multiple cancer cells through 

induction of EMT and acquisition of stemness [20, 36]. These previous studies together 

with the findings of the present study suggest that nicotine-induced EMT and stemness 

contribute in remodeling of normal kidney epithelial cells during malignant transformation. 

Accumulated studies suggest that oxidative stress is one of the most common among the 

various mechanisms through which nicotine exerts its adverse effects [37, 38]. For example, 

cigarette smoking increases the level of lipid peroxidation associated with the impairment 

in activities of antioxidant enzymes in a health population [39]. Previous studies have 

shown that nicotine exposure increases the levels of oxidative stress in both in vitro and in 

vivo models [40, 41]. Nicotine affects the activity of NADH oxidase or JNK-dependent 

pathway resulting in increased ROS in vivo and in vitro [41, 42]. Nicotine affects the 

mitochondria, a major source of ROS, through altering its activity by binding to the 

complex I of mitochondrial respiratory chain and inhibiting the NADH-Ubiquinone 

reductase activity [42]. Nicotine exposure results in decreased activity of superoxide 

dismutase (SOD) thereby increasing the level of oxidative stress in rat tissue including 

kidney [43]. Similar to these reports, findings of this study revealed that the decreased 

expressions of marker genes for antioxidants were observed in nicotine-exposed HK-2 cells 

during earlier stages of malignant transformation. Moreover, the DCF-DA assay further 
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revealed these cells inherently (even after withdrawal of nicotine exposure) produced 

increased levels of intracellular ROS.   

Previous reports including our recently published data have shown that chronic low levels 

of oxidative stress can induce malignant transformation into normal cells [44]. Whether 

nicotine-induced oxidative stress contributes to malignant transformation is not yet clearly 

known. Since EMT and stemness are known as intermediate stages during carcinogenesis, 

it is logical to conclude that the increased ROS levels in nicotine exposed cells causally 

involved in the observed malignant transformation. Lower level of ROS is believed as an 

important mediator to maintain cell function in cancer stem cells [45]. Previous study has 

indicated that NAC can restore the H2O2-induced loss of stemness and EMT phenotypes in 

pancreatic cancer cells [46], which suggests the essential role of low ROS in the 

maintenance of phenotypes in cancer stem cells. In this study, abrogation of nicotine-

induced EMT and stemness in HK-2 cells by antioxidant NAC. Hence, the evidence 

supports our findings that relatively low level of ROS contributes the stemness and EMT 

during early stages of carcinogenesis in human kidney epithelial cells.  

Changes in DNA methylation and histone modifications have been reported as a 

mechanistic basis for oxidative stress-induced cancer development [26, 47]. The ROS have 

been shown to alter the activities of epigenetic regulatory enzymes [47]. Recently we have 

reported that the increased oxidative stress by H2O2 causes the epigenetic alterations in 

HK-2 cells, including the changes in the expression of DNMTs, HAT1 and HMT1 [48]. 

Previous study has further demonstrated that cigarette-induced ROS is associated with 
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histone modifications as well as chromatin remodeling in smoke-related diseases [25]. The 

cross-talk between smoking-induced acetylation and methylation of histone is associated 

with the inflammation and pathogenesis in lung [25]. Persistent oxidative stress induced 

by cigarette smoking causes HDAC2 activity reduction and HMT activation, leading to 

abnormal histone acetylation and histone methylation, which further affect the DNA repair 

process [49]. Oxidative stress-induced DNA methylation through increased DNMT3b 

expression have been shown to be associated with the conversion of non-tumorigenic 

melanocytes into malignant melanoma cell lines [50]. In this study, the expressions of 

DNMT3b and HMT1 were increased in nicotine-exposed cells. These changes in DNMT3b 

and HMT1 were restored by antioxidant NAC suggesting thereby that nicotine-induced 

ROS as a driver for epigenetic regulatory genes expression changes. Therefore, our data 

suggest that nicotine-induced oxidative stress causes malignant transformation through 

epigenetic modifications in human kidney epithelial cells 

Whether nicotine exerts the carcinogenic effects in HK2 cells through altering the growth 

signaling pathways was another important question addressed in this study. Nicotine 

exposure has been reported to affect multiple signaling pathways [6] . Our recent study 

revealed that nicotine-induced proliferation of HK2 cells involves activation of AKT [22]. 

In this study, the level of pAKT was decreased at the early stage when EMT and stem-like 

cells sphere formation was observed in nicotine-exposed cells, which is supported by the 

previous study that the level of pAKT is relatively lower in tumorospheres [51]. However, 

the pAKT level was increased in transformed HK2 cells after chronic exposure to nicotine. 
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Moreover, the reactivation of pAKT by antioxidant NAC and its correlation with 

abrogation of stemness and EMT by NAC suggest that nicotine through regulation of AKT 

pathway controls the EMT and stemness during early stages of carcinogenesis. In addition 

to pAKT, the active form of p38 was also increased in transformed cells suggesting the 

involvement of both pAKT and p38 signaling pathways in nicotine-induced growth and 

transformation of HK2 cells.  

Evidence suggests the accumulation of pH2AX play a critical role during malignant 

transformation of normal tissue [52]. Elevated levels of pH2AX have often been observed 

not only in various human cancer cell lines and solid tumors but also in premalignant 

tissues, and therefore  pH2AX is considered as early biomarker in oncogenic 

transformation [53]. In our study, the level of pH2AX was significantly increased in 

transformed HK-2 cells, which indicates that chronic exposure to nicotine leads 

accumulation of DNA damage, a hallmark of carcinogenesis. Therefore, our data suggest 

that accumulation of nicotine-induced DNA damage might be associated with malignant 

transformation of HK-2 renal epithelial cells.  

In summary, to our knowledge, this is the first report showing that chronic exposure to 

nicotine induces malignant transformation in human kidney epithelial cells through 

oxidative stress-dependent epigenetic mechanism. Additionally, our data suggest that 

biologically relevant lower concentration (1M) of nicotine that is commonly found in 

heavy smokers is more potent in inducing malignant transformation in HK-2 cells as 

compared to higher concentration (10M) of nicotine exposure. The abrogation of 
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nicotine-induced EMT and stemness by antioxidant NAC during early stages of 

transformation also provide a proof of principle for application of antioxidant therapy to 

prevent nicotine-induced adverse effects including carcinogenesis in kidney cells.  
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Table 5- 1. List of Genes with Their Forward and Reverse Primer Sequences Used for 

The Gene Expression Analysis. 

 

 

Gene Forward primer sequence (5’-3’) Reverse primer sequence (5’-3’) Size (bp) 

GAPDH GGTGGTCTCCTCTGACTTCAACA GTTGCTGTAGCCAAATTCGTTGT 116 

E-cadherin TGAGTGTCCCCCGGTATCTT GAATCATAAGGCGGGGCTGT 112 

Vimentin AACTTAGGGGCGCTCTTGTC CCTGCTGTCCCGCCG 179 

Oct4 TGAGTAGTCCCTTCGCAAGC TTAGCCAGGTCCGAGGATCA 172 

Nanog TGCAGGCAACTCACTTTATCC TGCTTCAAAGCAAGGCAAGC 197 

CD44 CCCAGATGGAGAAAGCTCTG GTTGTTTGCTGCACAGATGG 113 

MnSOD GGGAGCACGCTTACTACCTT GCTTACTGTATTCTGCAGTACTCT 197 

GPX1 TATCGAGAATGTGGCGTCCC TCTTGGCGTTCTCCTGATGC 143 

CAT CTCCGGAACAACAGCCTTCT ATAGAATGCCCGCACCTGAG 110 

GSTP1 GCCCTACACCGTGGTCTATT GGTCTCCGTCCTGGAACTTG 176 

NRF2 TCCTACACCAACGCCTTTCC CGCCCGCGAGATAAAGAGTT 113 

Survivin AGCCAGATGACGACCCCATT GCAACCGGCCGAATGCTTTT 119 

CyclinD1 AACTACCTGGACCGCTTCCT CCACTTGAGCTTGTTCACCA 204 

VHL CGGACAGCCTATTTTTGCCA GTTGATGTGCAATGCGCTCC 200 
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Figure 5-1. The Effects of Chronic Exposure to Nicotine on Cell Growth and Cell 

Cycle in HK-2 Cells.  

The effects of chronic exposure to nicotine on growth in HK-2 cells. (A) Bar chart 

representation of the MTT data for growth rate of HK-2 cells. HK-2 cells were exposed to 

1M and 10M nicotine for six months, and the growth of cells was measure by MTT 

assay. The data were converted into percentage with growth of control cells as 100%. (B) 

Histograms of flow cytometry data representing the percentage of cells in G0/G1, S and 

G2/M phase of cell cycle from control (Ctrl), nicotine 1M (1M) and 10M (10M) 

treated group. Each bar represents the means of triplicate values. The error bars represent 

standard deviation (±SD). The * symbol represents the statistically significant change 

(p<0.05) in nicotine-treated groups as compared to the respective control. 
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Figure 5-2. The Effects of Chronic Exposure to Nicotine on Malignant transformation 

and Gene Expression in HK-2 Cells. 

 (A) Representative photomicrographs of soft agar-grown colonies from HK-2 cells with 

chronic exposure to nicotine. Growth of colonies were monitored on daily basis and 

photomicrograph were taken on Day 20 under microscope with 40X magnification. Scale 

bar = 200 µm. (B) Bar chart represents the fold changes in the expression of genes analyzed 

by qRT-PCR. (C) Images of western blot and the bar chart of band intensity of target 

proteins. Band intensity was quantified by ImageJ software and further normalized to 

housekeeping gene GAPDH. Each bar represents the means of triplicate values. The error 

bars represent standard deviation (±SD). The * symbol represents the statistically 

significant change (p<0.05) in nicotine-treated groups as compared to the respective 

control. 
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Figure 5-3. EMT and Stemness-Related Morphological and Gene Expression 

Changes in Nicotine-Treated HK-2 Cells. 

(A) Photomicrographs (40X) showing EMT phenotype and stem cell-like sphere in HK-2 

cells after two-week (upper panel) and six-month (lower panel) of nicotine exposure. Scale 

bar = 200 µm. (B) Bar chart represents the gene expression analysis of marker genes in 

HK-2 cells after two-week nicotine treatment. Expression of marker genes for EMT (left 

panel) and stemness (right panel) were measured by qRT-PCR by following the methods 

as described in materials and methods. Each bar represents the means of triplicate values. 

The error bars represent standard deviation (±SD). The * symbol represents the statistically 

significant change (p<0.05) in nicotine-treated groups as compared to the respective 

control. 
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Figure 5-4. Levels of Intracellular ROS in HK-2 Cells with Nicotine Exposure. 

(A) Bar chart represents the level of intracellular ROS as measured by DCF-DA assay in HK-2 cells with acute nicotine treatment 

(left panel), as well as the basal level of intracellular ROS at different time points as two weeks (2w) and six months (6mon) 

during chronic treatment (right panel). The data from DCF-DA assay were converted into percentage and with respect to the 

ROS level of control cells as 100%. 
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Figure 5-5. The expression of oxidative stress responsive genes in nicotine-exposed 

HK-2 cells.   

(A) Bar chart represents the expression of antioxidant-related marker genes in HK-2 cells 

after two-week nicotine treatment. (B) Images of western blot and the bar chart of band 

intensity of antioxidant-related marker proteins. Band intensity was quantified by ImageJ 

software and normalized to housekeeping gene GAPDH. Each bar represents the means of 

triplicate values. The error bars represent standard deviation (±SD). The * symbol 

represents the statistically significant change (p<0.05) in nicotine-treated groups as 

compared to the respective control. 
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Figure 5-6. The Effect of NAC on the Morphological Changes of EMT and Stemness during Nicotine-Induced Malignant 

Transformation of HK-2 Cells. 

Representative photomicrographs (40X) with schematic representation of the morphological changes of EMT and stemness and 

abrogation of these phenotypes by NAC treatment. The floating cells (containing stem cell spheres) in culture medium from each 

dish was collected and further re-seeded into new culture dish as described in materials and methods. The condition of floating 

cells in new culture dishes was photomicrographed at Day 1 and Day 10 after re-seeding. Scale bar = 200 µm.
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Figure 5-7. The Effect of NAC on the Expression of Marker Genes Related to EMT 

and Stemness. 

(A) NAC modulates the expression of EMT-related marker genes in one-month nicotine 

exposed HK-2 cells. Images of western blots representing the level of EMT-related proteins 

and bar charts of band intensity of ZO-1 (B), Vimentin (C) and pAKT (D). Band intensity 

was quantified by ImageJ software and further normalized to housekeeping gene GAPDH. 

Each bar represents the means of triplicate values. The error bars represent standard 

deviation (±SD). The * symbol represents the statistically significant change (p<0.05) in 

nicotine-treated groups as compared to the respective control. 
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Figure 5-8. Morphological Changes by Epigenetic Therapeutics in Nicotine-Exposed 

HK-2 Cells during Malignant Transformation. 

Photomicrographs (40X) showing the abrogation of stem cell-like sphere by 5-Aza-2’-dC 

(center panel) and TSA (right panel) in 1M nicotine-treated HK-2 cells. Scale bar = 200 

µm. 
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Figure 5-9. The expression of epigenetic regulatory genes in 1M nicotine-treated 

HK-2 cells with or without NAC. 

The expression of epigenetic regulatory genes in 1M nicotine-treated HK-2 cells with or 

without NAC. The expression of epigenetic regulatory genes in 1M nicotine-treated HK-

2 cells. Bar chart represents the gene expression analysis of marker genes in 1M nicotine-

treated HK-2 cells with or without NAC. Expression of epigenetic regulatory genes in 

DNA methylation and histone modifications were measured by qRT-PCR by following the 

methods as described in materials and methods. Each bar represents the means of triplicate 

values. The error bars represent standard deviation (±SD). The * symbol represents the 

statistically significant change (p<0.05) in nicotine-treated groups as compared to the 

respective control.
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CHAPTER VI 

SUMMARY 

The main objective of this study was to evaluate the chronic toxic effects of arsenic and 

nicotine in normal human kidney epithelial cells. Multiple epidemiological studies have 

indicated that tobacco smoking and arsenic contamination are the two most common risk 

factors for kidney diseases. Accumulating evidence suggests that exposure to tobacco 

smoke that contains nicotine as a major component, and arsenic can induce renal damages 

resulting in abnormal function and failure of kidney as well as the kidney cancer. However, 

the molecular mechanisms through which these two chemicals contribute to the 

progression of kidney diseases is still unclear.  

In this context, an in vitro model of kidney cells with chronic exposure to these two 

chemicals was developed by exposing and maintaining the HK-2 normal human kidney 

epithelial cells in arsenic- or nicotine-containing medium for up to six months.  The 

analysis of cell growth, morphology and gene expression revealed several temporal 

changes at various time points during the chronic treatment. The results of cell proliferation 

revealed a significant growth inhibition after acute exposure, whereas increased growth 

after long-term and chronic exposure to either arsenic or nicotine in HK-2 cells as 

compared to untreated control cells. The increased cell growth in arsenic-treated cells was 

dose-dependent, whereas lower concentration of nicotine induced more cell growth than 

higher concentration of nicotine. 
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Morphological changes were another significant effect of both arsenic and nicotine. The 

appearance of EMT and stem cell-like sphere formation were observed in long-term arsenic 

treated cells, however, the phenotype of EMT appeared first followed by the stemness. In 

addition to the fibroblast-like morphological changes, the increased expression of pro-

fibrotic genes (TGF-, -SMA) and extracellular matrix proteins (Collagen I, Fibronectin) 

further suggested the acquisition of pathogenic features of fibrosis in long-term arsenic-

exposed cells. Moreover, the overexpression of TIMP-3 in our arsenic-induced fibrotic cell 

model was similar to previous reports of overexpression of this gene in fibrotic kidney of 

human patients and this further suggests the important role of TIMP-3 during renal fibrosis. 

The treatment of DNA methylation inhibitor 5-aza-2’-dC reversed the arsenic-induced 

fibrogenic morphological changes, which suggests that these arsenic-induced fibrotic 

changes were related to the alteration of DNA methylation. 

In case of nicotine exposed cells, however, the phenotype of stemness appeared before 

EMT. The acquisition of stemness phenotype was first observed after two weeks of 1M 

nicotine treated cells but not with10M nicotine treatment. Our data also suggest the role 

of oxidative stress-dependent epigenetic alteration in acquisition of stemness in nicotine 

exposed cells. The treatment with antioxidant NAC abrogated the stemness in 1M 

nicotine-treated cells whereas it triggered the appearance of stemness in cells with 10M 

nicotine. This result has two implications. First, it suggests that oxidative stress contributed 

in the acquisition of stemness. Secondly, reducing the higher levels of oxidative stress by 

NAC treatment in 10M nicotine exposed cells causing appearance stemness further 
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suggest that it is only the lower level of  intracellular oxidative stress that acts as driver in 

the initiation of stem cell phenotype.  

In addition, epigenetic reagents 5-aza-2’-dC and TSA completely or partially abrogated the 

stemness in 1M nicotine-treated cells, suggesting that nicotine-induced stemness is 

associated with epigenetic modifications. Moreover, antioxidant NAC also decreased the 

changes in the expression of epigenetic genes. Therefore, our findings further indicate that 

nicotine induced the phenotype of stemness in cells through oxidative stress-dependent 

epigenetic alterations.  

The neoplastic transformation of HK-2 cells by chronic exposure to arsenic or nicotine was 

another important finding of this study. The results of soft agar assay showed that chronic 

exposure to arsenic induces neoplastic transformation in cells with a dose-dependent 

manner with higher dose causing greater effect. The chronic exposure to lower 

concentration (1M) of nicotine however was more potent in causing neoplastic 

transformation in cells than the higher concentration (10M) of nicotine. Additionally, the 

increased levels of AKT signaling was commonly observed in both arsenic- and nicotine-

induced carcinogenesis in HK-2 cells. Moreover, activation of -catenin/c-Myc pathway 

was only observed in arsenic-induced carcinogenicity, whereas p38 signaling pathway was 

specific to nicotine-induced transformation in HK-2 cells. 

Together, these findings indicate the depending on the duration of exposure, the arsenic or 

nicotine can lead to various forms of kidney diseases including kidney fibrosis and kidney 
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cancer. At the molecular level, both arsenic and nicotine causes adverse effects in kidney 

epithelial cells through epigenetic mechanism. The abrogation of stemness and EMT by 

antioxidant or epigenetic therapeutics in arsenic or nicotine exposed cells further provide 

the clinical significance of these drugs in inhibition of kidney diseases and cancer.
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Figure 6-1. Summary of the Effects of Chronic Exposure to Arsenic or Nicotine in Human Kidney Epithelial Cells. 

 


