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As intestinal epithelial cells mature, they continuously transition from proliferation to 

differentiation to apoptosis under the influence of cell signalling pathways including c-Jun N-

terminal kinase (JNK). Glutathione S-transferases (GSTs) are cytoprotective detoxification 

enzymes, some of which, including GSTA1, also sequester and inhibit JNK through complex 

formation. Thus, GSTA1 may be a key sensor of cellular state and regulator of responses to cell 

stress stimuli. The focus of this research study was to investigate the functional importance of 

GSTA1 in two contexts: 1) modulating complex integrity with JNK and activation of JNK by 

oxidative stress, 2) controlling cellular transitioning between proliferation, differentiation and 

apoptosis.  

In the first study, the impact of GSTA1 levels on dissociation of GSTA1-JNK complexes 

and JNK activation in response to cellular stress was investigated in the human colonic 

adenocarinoma Caco-2 cells. The pro-oxidant menadione caused GSTA1-JNK complex 

dissociation in preconfluent Caco-2 cells, whereas postconfluent cells were relatively resistant to 

this effect. Preconfluent cells were more sensitive than postconfluent cells to menadione-induced 

cytotoxicity. Additionally, menadione-induced JNK activation was transient since removal of the 



 

 

stimulus resulted in re-association of GSTA1 with JNK and significantly reduced cytotoxicity. 

Over-expression and knockdown of GSTA1 affected the degree of GSTA1-JNK complex 

association without altering the JNK activation. However, enhanced GSH levels by N-acetyl 

cysteine blocked menadione-induced complex dissociation and JNK activation in Caco-2 cells. 

The results suggest that the mechanism of menadione-mediated JNK activation involves the 

production of reactive oxygen species, likely superoxide anion, and that the level of intracellular 

GSH plays an important role in preventing menadione-induced GSTA1-JNK complex 

dissociation and subsequent JNK activation.  

The functional importance of GSTA1 in controlling cellular proliferation, differentiation 

and apoptosis was investigated. Sodium butyrate (NaB) is a short-chain fatty acid, 

physiologically present in the human large intestine and modulates transitioning of cell states in 

colon cancer cell lines. GSTA1 levels increased in association with differentiation markers in 

postconfluent Caco-2 cells. Forced expression of GSTA1 significantly reduced cellular 

proliferation and siRNA-mediated down-regulation of GSTA1 significantly increased cells in S-

phase and associated cell proliferation. NaB (1 mM) reduced Caco-2 cell proliferation, increased 

differentiation and up-regulated GSTA1 activity. In contrast, higher dose of NaB (10 mM) 

caused toxicity in preconfluent cells via apoptosis through caspase-3 activation in association 

with reduced GSTA1 activity. GSTA1 down-regulation by siRNA did not alter NaB-induced 

differentiation or the sensitivity of Caco-2 cells to NaB-induced apoptosis. Furthermore, NaB (10 

mM) caused GSTA1-JNK complex dissociation but did not affect JNK activation. These 

findings suggest that GSTA1 levels may play a role in modulating enterocyte proliferation but do 

not influence differentiation or apoptosis.   
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INTRODUCTION 

 

Colorectal cancer has emerged as the third most common type of cancer and the second 

leading cause
 
of cancer-related deaths in North America. The development of resistance to 

anticancer drugs is one of the primary causes of cancer treatment failure [1]. Improvement in the 

selectivity and therapeutic activity is a major goal in the development of anticancer agents [2,3]. 

Glutathione S-transferases (GSTs) are phase II detoxification enzymes that catalyze the 

conjugation of glutathione to a wide variety of endogenously and environmentally produced 

electrophilic compounds [4-6]. In humans, GST alpha 1 (GSTA1) is the major cytosolic isozyme 

present in almost all tissues and represents ~2 % of the total liver protein [7,8]. Typically cancer 

cells exhibit increased oxidative stress and many antioxidant enzymes, such as GSTAs, are over-

expressed in a wide variety of tumours [2,3,9]. Different stimuli induce oxidative stress by 

generating reactive oxygen species (ROS) and activate the stress cell signalling molecules 

including c-jun N-terminal kinase (JNK). JNK is a mitogen-activated protein kinase (MAPK) 

that is an important mediator of cell stress responses and a regulator of pro-apoptotic death 

signalling events [10]. GSTs also play a role in the modulation of cellular stress signalling 

responses [11,12]. Specifically, GSTA1 and GSTP1 have been shown to form complexes with 

JNK thereby inhibiting its activation [13,14]. Therefore, GSTA1 may serve two distinct roles in 

the development of drug resistance: direct detoxification of chemotherapeutics as well as 

inhibition of the stress-activated cell signalling and subsequent apoptosis. However, there is 

limited understanding of the importance of GSTA1-JNK complex dissociation in oxidative 

stress.               
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The human colonic adenocarcinoma cell line, Caco-2, exhibits a unique relationship 

between growth characteristics and GSTA1 expression. Under normal cellular conditions, 

preconfluent Caco-2 cells proliferate whereas at confluency proliferation ceases and cells begin 

to differentiate. Moreover, GSTA1 expression is low in preconfluent cells and progressively 

increases with cellular confluency. One of the key characteristics of cancer cells is their ability to 

proliferate continuously without acquisition of cellular characteristics of differentiation and 

progression to apoptosis. The increased expression of GSTA1 with cellular confluency suggests 

that this isozyme controls the progression of enterocytes through different cellular states and that 

modulation of GSTA1 levels may play a role in the onset of differentiation and apoptosis. 



 

3 

 

LITERATURE REVIEW 

 

Glutathione S-Transferases (GSTs) 

 

Glutathione S-transferases (GSTs) are members of a multigene family of isoenzymes 

expressed in living organisms. GSTs detoxify a broad range of electrophilic compounds 

including carcinogens, chemotherapeutics, pharmaceuticals, pesticides, herbicides, industrial 

chemicals and pollutants, products of oxidative damage and natural plant toxins [4-6]. GSTs 

mediate detoxification of xenobiotics through glutathione (GSH) conjugation, which often 

results in less reactive and more water-soluble compounds. This minimizes the potential of 

damage from xenobiotics and eliminates these compounds from the body. Other functions of 

GSTs include protection against macromolecules such as protein, nucleic acid and lipids 

oxidized by reactive oxygen species (ROS), regeneration of S-thiolated proteins [15,16], 

detoxification of products of lipid peroxidation [17] and biosynthesis of physiologically 

important metabolites [18,19]. GSTs are also involved in the biosynthesis and metabolism of 

leukotrienes [20], prostaglandins [21], steroids [22] and in the development of resistance to 

chemotherapeutic agents [4,8,23-25]. GSTs also possess ligandin activity to bind a variety of 

hydrophilic compounds such as bile acids without catalytic activity and enhance their biliary 

excretion [26]. This activity is important in sequestration and transportation of non-polar ligands. 

GSTs modulate cell signalling pathways that regulate cellular proliferation and apoptosis 

(programmed cell death) [27,28]. In colonic epithelial cells, GSTs play an important role in 

providing protection against the effects of mutagens, ROS, lipid hydroperoxides and 

hydroxyalkenals [29,30].  
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 Human glutathione S-transferases (hGSTs) are divided into three main families: cytosolic, 

mitochondrial and membrane-bound microsomal [7]. On the basis of structure, genetics, 

enzymatic properties, and immunological reactivity, there are seven classes of cytosolic GST 

isoenzymes, named Alpha, Mu, Omega, Pi, Sigma, Theta, and Zeta [1]. GST Kappa is the 

mitochondrial form in mammals [31]. There are two membrane-bound GSTs found in mammals 

named as microsomal GST-Ι and microsomal GST-ΙΙ or leukotriene C4 synthase (LTC4S) [32]. 

Cytosolic and membrane bound GSTs do not share sequence homology [33,34,35]. Many classes 

of GST show polymorphisms and include numerous subunits. Each subunit (199–244 amino 

acids in length, 22–29 KDa) contains a catalytically independent active site that consists of a 

GSH-binding site (‘G-site’) in the amino-terminal domain and a site that binds the hydrophobic 

substrate (‘H-site’) in the carboxy-terminal domain [4-6]. GST isoenzymes can bind to many 

different substrates in their active site. GSTAs have two domains and an active site is located at 

the domain-interface; mutations of domain 1 or 2 result in reduced catalytic activity of GSTA1 

[36]. The stability of the domain-domain interface particularly the H-site in GSTA1 plays a role 

in mediating the catalytic functionality of the active site of the enzyme [36]. More than a dozen 

cytosolic GST subunits have been identified in humans. These subunits exist as homodimers or 

heterodimers. Heterodimers are usually from the same gene class and only classes A and M of 

GST exist as both heterodimers as well as homodimers. The isoenzymes are named according to 

their class and subunit (e.g., GSTA1-2 symbolizes the enzyme composed of subunits 1 and 2 of 

the alpha class) [37,38]. Studies suggest that GSTs must dimerize in order to be catalytically 

active in mammalian species [27,39,40]. 
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Glutathione S-Transferase Alpha (GSTA) 

 

The alpha class GST isoenzymes consist of homo or heterodimers of five major subunits 

(GSTA1, A2, A3, A4 and A5). Transcripts for hGSTA1, A2 and A4 are expressed at high levels 

in liver, intestine, kidney, adrenal gland and testis whereas expression of hGSTA3 is in 

steroidogenic tissues: ovary, mammary gland, placenta, testis, and adrenal gland, and hGSTA5 

has not been found in the expressed sequence tag database [1]. hGSTA1 is a highly expressed 

form of hGSTA comprising almost 2% of total cytosolic protein in liver.  

The alpha class possesses a cytoprotective role against oxidative stress produced by 

various structurally unrelated electrophilic compounds, pro-oxidants and products of lipid 

peroxidation by catalyzing GSH-conjugation [41]. GSTAs possess GSH-dependent steroid 

isomerase activity and GSH-dependent selenium-independent peroxidase activity [1]. 

Epidemiological studies show that increased expression of GSTA has been associated with an 

increased risk of colorectal cancer, ovarian cancer and renal cell carcinoma [42]. Since GSH-

conjugates are formed as a result of oxidative stress or xenobiotic insult, it is plausible that these 

conjugates are indicators of cellular stress [43]. GSTAs have been shown to protect cells from 

the harmful effects of ROS-induced lipid peroxidation during oxidative stress caused by various 

agents [44]. These enzymes show high glutathione peroxidase activity towards phospholipid 

hydroxides generated during lipid peroxidation. For example, GSTA4-4 efficiently metabolizes 

the product of lipid peroxidation, 4-hydroxynonenal (4-HNE) through conjugating with GSH 

[45]. GST isozymes also modulate stress-activated signal transduction pathways [27]. Another 

important function of GSTAs is the inhibition of stress signalling kinases (JNK) and 

subsequently affecting the cascade of caspase activation and apoptosis in the cell [14]. Indeed, 
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over-expression of hGSTA2-2 in cells attenuates the cytotoxic effects of hydrogen peroxide 

(H2O2), and protects against H2O2-induced apoptosis by inhibiting JNK as well as caspase-3 

activation [17].  

GSTA1 also catalyzes the isomerization of ∆5-androstene-3,17-dione (AD) into ∆4-

androstene-3,17-dione [46]. This isomerization occurs in the absence of GSH however it is 

required for increased catalytic activity [46]. GSTA2 has been shown to possess 100-fold less 

catalytic efficiency towards the isomerization of ∆5-androstene-3,17-dione than GSTA1 and 

GSTA4-4 shows 1000-fold less catalytic activity than GSTA1. Because chemical 

characterization of active sites of GSTA1 and GSTA2 differs by only four amino acid residues, 

isomerization of ∆5-androstene-3,17-dione is highly substrate specific reaction for GSTA1 [46].  

 

Mitogen-Activated Protein Kinases (MAPKs) 

 

There are complex signalling pathways within cells that are activated in response to 

different stimuli. The mitogen-activated protein kinases (MAPKs) are a group of signalling 

proteins. These cell signalling kinases serve as critical regulators of the cellular response to a 

variety of exogenous and endogenous stresses. [47]. The MAPKs are involved in essential signal 

transduction cascades, a process that regulates cell growth, differentiation and apoptosis [48]. 

MAPK activity is regulated by their phosphorylation state that shows the equilibrium between 

stimulation by upstream kinases and inactivation by phosphatases. Their ultimate biological 

effect is the activation of specific transcription factors that then modulate cellular gene 

expression [49]. Three MAPK family members have been implicated in the oxidative stress 
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response: JNK, p38- MAPK and extracellular signal-regulated kinase (ERK) [47]. JNK and p38-

MAPK activation generally have been shown to promote cell death from ROS [50] whereas ERK 

is generally activated by growth factors that lead to proliferation and prevent cell death [50,51]. 

The activation of these kinase pathways is achieved through a phosphorylation cascade [52]. 

MAPKs are activated by upstream MAPK kinases (MAPKKs) through dual phosphorylation of 

tyrosine/threonine residues, which are activated by even further upstream MAPK kinase kinases 

(MAPKKKs) [53]. The activated MAPKs then translocate into the nucleus and regulate the 

activities of specific transcription factors, ultimately affecting gene expression [54]. The cellular 

responses to these stimuli are highly dependent on cellular context [55] and can include 

proliferation, cell survival, differentiation, apoptosis, mitosis, migration and immune responses 

[56-58]. 

 

c-Jun N-Terminal Kinase (JNK)  

 

JNK, also known as stress-activated protein kinase (SAPK), is an important member of the 

MAPK family. JNK has three isoforms (JNK1, JNK2, and JNK3) encoded by three different 

genes. The JNK1 and JNK2 genes are ubiquitously expressed, whereas JNK3 is found to be 

neural-specific [47,59]. JNK is primarily activated by various environmental stresses, including 

heat shock, osmotic shock, UV rays, oxidative stress, protein synthesis inhibitors, growth
 
factors, 

chemotherapeutic agents and pro-inflammatory cytokines such as tumour necrosis factor-α 

(TNF-α) and interleukin-1β (IL-1β) [60,61]. The growth factors and cytokines activate MAPKs 

through their specific receptors but so far the mechanism of initiation of MAPKs due to 

oxidative stress is unclear. The upstream MAPKKKs that are involved in the JNK activation 
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cascade are numerous and their regulation is not completely understood [62,63]. Downstream 

molecules that are activated by phosphorylation of JNK are transcription factors including c-Fos, 

c-Jun, p53 and ATF2 [64]. In particular, c-Jun, a component
 
of activating protein (AP-1) 

complex is the most characterized
 
downstream target of JNK. The binding of JNK to the N-

terminal region of
 

c-Jun causes phosphorylation of c-Jun and activates c-Jun-dependent
 

transcription [65] that results in the transcriptional upregulation of c-Jun as well as an increase in 

c-Jun protein stability [66,67] that has numerous biological consequences.  

 The JNK pathway has also
 
been shown to be important in the control of cell survival and

 

death pathways, and interference with the JNK pathway suppresses
 
the induction of apoptosis by 

a variety of agents [28]. It is known that the involvement of JNK in controlling diverse cellular 

functions such as cell proliferation, differentiation, and apoptosis is based on phosphorylation 

and functional modification of these molecular targets [10,68]. 

GST isozymes such as GSTP1 and GSTA1-1 are capable of associating with the JNK–c-

Jun complex [12,14]. GSTA1 forms complexes with JNK and GSTA1 reduces JNK signalling 

and apoptosis in Caco-2 and MEF3T3 cells [14]. GSTP1 has been identified as a potent JNK 

inhibitor. It is physically associated with the JNK–c-Jun complex and prevents the activation of 

JNK [27]. Binding of an inhibitor or substrate to the active site of GSTP1 induces a 

conformational change [69], which results in dissociation of the enzyme from the C-terminal 

domain of JNK [13]. The liberated JNK phosphorylates c-Jun, which thereby activates numerous 

sequential downstream kinases (reviewed in [70]. Transient or low exposure to stress induces 

cellular proliferation and prolonged or high exposure induces apoptosis [38]. GSTM1-1 has been 

found to be an endogenous inhibitor of apoptosis signal-regulating kinase 1 (ASK1), an upstream 

activator of JNK [71].                                                         
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Oxidative Stress and JNK Activation 

 

Reactive oxygen species are free radicals and chemically reactive molecules, generated 

intracellularly due to a variety of stimuli. They have potential to cause damage to cellular 

macromolecules such as lipids, proteins, and DNA [72]. ROS act as important intermediate 

signalling molecules that cause a series of biological consequences in the cell [60]. They are 

produced through a variety of normal cellular processes, for example, as by-products of aerobic 

metabolism and through exogenous sources as a result of exposure to stimuli [72]. Studies have 

shown that ROS induce cellular injury and death due to direct biochemical damage and by 

affecting signal transduction pathways [73]. ROS include partially reduced metabolites of 

oxygen such as superoxide anion, hydrogen peroxide, and hydroxyl radicals. These metabolites 

possess higher reactivity than molecular oxygen (reviewed in [74,75]. Transient low level 

changes in ROS lead to important regulatory functions resulting in cellular proliferation. 

However, sustained or high levels of ROS can cause severe damage that leads to cell death. A 

number of responsive intracellular defense systems have been identified that combat the 

accumulation of ROS. These include various non-enzymatic molecules (e.g., glutathione, 

vitamins A, C, and E, and flavenoids) and anti-oxidants enzymes (e.g., superoxide dismutase 

(SOD), catalase, and glutathione peroxide) [76]. When these cellular defense mechanisms are not 

sufficient to counteract the production of ROS the result is oxidative stress. At the cellular level, 

oxidant injury elicits a wide spectrum of responses including cell proliferation to growth arrest, 

to senescence, to cell death.                                                 

                                                      



 

10 

 

 Reactive oxygen species elicit many different responses. These responses depend 

upon the severity of the damage, the cell type, the magnitude of the dose, and the duration of the 

exposure [76]. Typically, low doses of ROS are mitogenic and promote cell proliferation, 

intermediate doses result in temporary or permanent growth arrest and severe oxidative stress 

ultimately causes cell death via either apoptotic or necrotic mechanisms [74,75,77]. 

Generation of ROS and altered redox status has been observed in cancer cells [78]. 

Different studies have identified activation of the JNK pathway in radiation-induced apoptosis 

and implicated the importance of the duration of JNK activation in determining cell fate [68]. 

Exogenous H2O2 triggers ROS-induced JNK activation [79]. H2O2 has a relatively long half-life, 

is soluble in both lipid and aqueous conditions and is capable of reaching its cellular targets [80]. 

Enhanced endogenous ROS production is frequently observed in cells exposed to many stimuli 

such as ultraviolet light [81,82], ionizing radiation [83,84], cancer chemotherapeutics [76] and 

TNF-α exposure [85]. JNK activation has been observed in cells treated with ROS precursors 

which give rise to superoxide radicals (O2
-
) upon intracellular metabolism [86]. Activation of 

JNK by endogenously generated ROS is a critically important determinant of cellular fate 

[87,88].  

 

Menadione and JNK activation 

 

Quinones represent a clinically important category of chemotherapeutic agents that 

promote cell death based on their redox cycling abilities [89]. Quinones target intracellular 

signalling pathways like JNK and p38 by generating ROS that promote programmed cell death 

[90]. One example is menadione (2-methyl-1,4-naphthoquinone), or vitamin K3 [91,92]. 
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Menadione undergoes redox cycling resulting in the formation of superoxide anions [93-96]. 

Nontoxic menadione concentrations activate JNK minimally whereas sustained JNK activation 

results from toxic amounts of this superoxide generator [60]. Menadione depletes GSH, induces 

apoptosis and inhibits the survival of a variety of animal and human tumour cell lines [86,97]. 

Menadione-induced cell death can be attenuated by the thiol antioxidant N-acetylcysteine (NAC) 

[98,99]. As a precursor of GSH, pre-treatment with NAC increases GSH levels and attenuates 

the generation of menadione-mediated intracellular ROS and associated cytotoxicity [100].  

According to Monte et al. (1984) the cytotoxicity of quinones has been related to oxidative 

stress caused by the redox cycling of these drugs in rat hepatocytes causing hepatotoxicity due to 

the formation of oxygen radicals. Menadione is reduced to semiquinone radicals that are further 

oxidized to produce superoxide anions (O2
-
) [93,101,102]. Superoxide anions (O2

-
) produce 

hydrogen peroxide (H2O2), which further metabolized to H2O by the glutathione peroxidase 

system due to the presence of GSH [103]. Thus, ROS products of menadione metabolism in 

isolated hepatocytes are affected by the amount of soluble GSH, the depletion of which increases 

menadione-induced apoptosis [102].  

Menadione has differential effect on cellular function depending on the concentration to 

which cells are exposed. At a concentration of 5 µM, menadione inhibits proliferation and higher 

doses (100 µM) induce rapid cell death in H9c2 cardiac muscle cells [104]. The low 

concentrations of menadione (30 µM) activated JNK or p38 pathways and caspase-3 resulting in 

apoptosis in a time-dependent fashion. Dunning et al (2009) demonstrated that menadione 

induced apoptosis in a dose- and time-dependent, but caspase-independent manner in human 

alveolar epithelial cells [94]. Menadione induces hepatocyte death by a mechanism involving 

both JNK and ERK MAP kinases in primary cultures of rat hepatocytes [102].  
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Menadione invokes cell death mechanisms that are distinct from that of H2O2 exposure 

[105]. Whereas menadione causes cell death by apoptosis, H2O2 induces necrotic cell death but 

does not activate MAPK signalling in primary cultures of rat hepatocytes [105]. Similar findings 

were observed in the RALA255-10G rat hepatocyte cell line [105,106]. Moreover, hydrogen 

peroxide does not alter cellular glutathione levels [94].  

 

GSTs in cancer development and chemotherapy resistance 

   

Acquired or intrinsic resistance to chemotherapeutic agents is one of the important causes 

of cancer treatment failure. Chemotherapeutic drug resistance can be due to dysregulation of 

apoptotic pathways [107], altered expression of multidrug resistance-associated proteins 

[108,109], altered drug metabolism and/or over-expression of GSTs [43,110-112]. GSTs play a 

role in cellular protection by detoxifying electrophiles and products of oxidative stress however 

in tumour cells this function is the cause of cellular resistance to drugs. Indeed, chemo-resistant 

tumor cell lines have been shown to over-express GST isozymes [4,8,23-25]. Over-expression 

leads to an accelerated detoxification of different chemotherapeutic agents and consequently an 

acquired resistance to those agents. Many studies have provided epidemiological evidence 

associating GST polymorphisms with cancer incidence and prognosis [42]. The results of these 

studies show that over-expression of alpha class GSTs have been linked to an increased risk in 

colorectal cancer, ovarian cancer and clear cell renal cell carcinoma [2,113]. The agents that are 

specific substrates of GSTs are inactivated through GSH conjugation therefore many cancer 

drugs that generate electrophilic species can be detoxified via GST-mediated detoxification 

[114]. 
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The non-catalytic function of GSTs as an inhibitor of JNK signalling pathway provides a 

novel target for anti-cancer drug development. Indeed, GSTP1 inhibitors modulate JNK activity 

[27,115]. For example, binding of inhibitors to the active site of GSTP1 produce conformational 

changes that cause the enzyme to dissociate from JNK [13,70]. Elevated levels of GSTP1 reduce 

the apoptotic response to stimuli such as anti-cancer agents or ROS by inhibiting JNK signalling 

pathway. Therefore resistance of cancer cells to some anti-cancer drugs can be modulated by 

exposure to specific GSTP1 inhibitors [115]. For example, endogenous inhibitors of GSTP1 like 

fatty acids [116] and retinoids [117] bind to the H-site with high affinity and thereby reduce the 

catalytic activity [118]. However, substrates that bind to active sites of GSTs are better inhibitors 

[119]. It has been demonstrated that GSH-analogues also act as GST inhibitors because they 

have higher affinity for the enzyme than GSH [119]. An inhibitor of GSTP1 isoenzyme has been 

developed to reduce acquired chemoresistance due to over-expression of GSTP1 in tumour cells. 

TER117 (L-glutamyl-S-(benzyl)-L-cysteinyl-R-phenylglycine)
 
is

 
a GSH-analogue that blocks the 

active site of
 
GSTP1 and a diethyl ester form (TER 117 DEE, also called TER 199) has also been 

developed to facilitate the uptake by the cell.
 
Treatment of drug-resistant cell lines with 

TER117 DEE increases their sensitivity to anticancer drugs such as chlorambucil and melphalan
 

[120]. Oxidative stress and GSTP1 inhibition with TER199 activates JNK and induces apoptosis 

[115] but TER 199 does not stimulate superoxide anion production [115], rather, it dissociates 

the protein-protein interaction of the GSTP1 –JNK complex [27]. Treatment of HT-4-1 tumor 

xenografts with TER199 resulted in a growth inhibitory effect of melphalan [120]. It has been 

demonstrated that GSTA1 also forms complexes with JNK and GSTA1 reduces JNK signalling 

and apoptosis in Caco-2 and MEF3T3 cells [14]. Therefore GSTs appear to be potential targets 

to increase responsiveness to chemotherapeutic agents [121].  
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Differentiation and apoptosis in intestinal epithelial cells        

 

Differentiation 

 

In vivo, colonic epithelial cells are continuously renewing with a systematic replacement of 

cells. Epithelial cells differentiate and acquire typical features of mature colonocytes. The human 

adenocarcinoma colorectal cell line, Caco-2 is a frequently used in vitro model of enterocyte 

development as they undergo spontaneous enterocytic differentiation in culture. Caco-2 cells 

grow as an epithelial monolayer and undergo enterocyte-like differentiation with associated 

biochemical changes in culture [122,123]. Differentiation starts immediately after the cells reach 

confluency and results in polarization. Differentiation is characterised by the formation of domes 

and a well developed apical brush border membrane (as shown in fig 3) with induction of 

enzymes such as sucrose-isomaltase, dipeptidyl peptidase 4 (DPP 4), and alkaline phosphatase 

(AlkP) [7,124]. Many studies using oligonucleotide microarray analyses show the changes in 

gene expression during the differentiation of Caco-2 cells [17,24,27,42,125] and terminal 

differentiation results in apoptosis of normal colonocyte in vivo [126]. 

 

Apoptosis 

 

Apoptosis is programmed cell death that is characterized by specific morphologic and 

biochemical properties [128]. Morphologically, apoptosis is characterized by a series of 

structural changes in dying cells such as blebbing of the plasma membrane, condensation of the 

cytoplasm and nucleus, and cellular fragmentation into membrane apoptotic bodies [129]. 



 

15 

 

Caspases, cysteine proteases are critical for the induction of apoptosis in cells [130]. The cascade 

of caspase pathway plays a functional role in the induction, transduction and propagation of 

intracellular apoptotic signals [130]. Caspase-3 is activated by apoptotic stimuli and nuclear 

DNA is fragmented causing inter-nucleosomal DNA cleavage [131]. Caspase-3 activation is the 

most prominent event in the early stages of apoptosis, which is widely used as a biochemical 

marker of apoptosis. Dysregulation of apoptosis is a key process in cancer development and 

progression [132-134]. The ability of cancer cells to continue to proliferate and prevent apoptosis 

is one of the fundamental features of cancer and a target of cancer therapy development [134]. 

Therefore effective cancer therapy is possible by targeting intrinsic or extrinsic apoptotic 

pathways to initiate proapototic signals.  

 

Sodium butyrate and cellular differentiation and apoptosis 

 

Sodium butyrate (NaB) is a short-chain fatty acid and the product of bacterial fermentation 

of complex carbohydrates in the large intestine. In vivo it is a preferred energy source for normal 

colonocytes and its absence is associated with atrophy of the normal mucosa [135]. However in 

colorectal tumor cell lines NaB has also been shown to inhibit proliferation, augment 

differentiation and induce apoptosis [126]. The anti-proliferative effect of NaB is specific to 

tumor cells [136]. Studies have indicated that NaB modulates growth and differentiation of colon 

adenocarcinoma cells in culture [126,137-141] promoting the expression of differentiation 

markers such as AlkP [142,143]. NaB has also been shown to influence the morphology and 

motility of cancer cells in vitro [138]. The mechanisms by which NaB affect cellular 

differentiation are still not completely clear [144]. NaB inhibits proliferation in a time- and dose-
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dependent manner and induces G1-arrest in a poorly differentiated human gastric carcinoma cell 

line (AGS) [136] and colon adenocarcinoma HT-29 cells [138].  

Ding et al (2001) conducted a study to determine MAPK activity and levels associated 

with NaB-mediated differentiation and apoptosis in the human colon cancer cell lines Caco-2 

and HT-29. AlkP activity increased at 48 h after NaB treatment followed by cell death after 72 h 

in both cell lines. ERK, p38 and JNK1 protein levels did not change in differentiated Caco-2 

cells. But there was a decrease in ERK activity and an increase in JNK and p38 activity with 

NaB treatment. The combination of the MEK inhibitor, PD98059, with NaB further increased 

AlkP activity as compared with NaB alone suggesting that NaB induces alterations in the 

differentiation and apoptotic pathways in intestinal cells [145]. The involvement of the 

JNK/SAPK and p38-MAPK pathway in the induction of apoptosis is well established in colon 

cancer cells [146]. However, NaB also influences colonocyte differentiation via modulation of 

the activity of cellular protein kinases [126]. While treatment of two human colon cancer cell 

lines Caco-2 and HT-29 with low doses (1 mM) of NaB induces differentiation, higher doses (5 

and 10 mM) induce apoptosis and fail to stimulate colonocyte differentiation [126,142,143]. The 

effects of NaB on cellular differentiation and apoptosis are mediated through different 

intracellular mechanisms [126]. The effect of NaB on AlkP activity is significantly attenuated in 

the presence of inhibitors of protein kinase C and JNK. Moreover, inhibition of MEK–ERK 

signal transduction pathways augment the impact of NaB on colonocyte differentiation [126]. 

Other studies using gastric cancer cells (BGC823) and Caco-2 cells demonstrated that NaB 

induces differentiation through the PTEN/PI3K (phosphoinositide 3-kinase) signalling pathway 

[147,148]. PTEN also induces growth suppression via cell cycle arrest or induction of apoptosis 

and inhibits cell adhesion and migration. PTEN is not only involved in the regulation of normal 
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cell growth and development, but it also plays an important role in tumorigenesis, progression 

and metastasis [149].  

Mariadason et al (2001) demonstrated that response of Caco-2 to NaB was dependent on 

their differentiation status. In differentiating cells, the rate of uptake of NaB was fast and it was 

rapidly metabolised as compared to undifferentiating cells. The contrasting effects of NaB in 

differentiated and undifferentiated colonic epithelial cells raises the possibility of differing 

effects of NaB in vivo when exposed to less mature epithelial cells [150]. This hypothetical 

situation is consistent with clinical observations, in which NaB-enemas reduce the proliferative 

activity of the epithelium [151,152]. NaB has a protective role in the prevention and progression 

of colorectal carcinogenesis. However, the effects on apoptosis and proliferation appear to differ 

between normal and neoplastic tissue [135]. Therefore, effects and mechanisms identified by in 

vitro models have to be further confirmed. 

 

Colon Cancer Cell Lines  

 

Human colorectal adenocarcinoma cell lines are known as excellent in vitro models to 

study enterocyte function [153]. Caco-2 cells are widely used as a model of the intestinal 

epithelium as they spontaneously differentiate in the postconfluent state and form a monolayer, 

expressing specialized enzymatic and structural features of the mature enterocyte-like cells [154] 

as shown in Fig 3. HT-29 cells, isolated from a colon adenocarcinoma, are undifferentiated in 

standard culture conditions [155]. GST isoforms are expressed in Caco-2 cells and are inducible 

by NaB in HT-29 cells [24,156] GSTA1 significantly increases as Caco-2 cells differentiate. 

This distinctive feature makes this cell line particularly appropriate for studying GSTA1 
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regulation [157]. For example, Caco-2 cells have been used to assess the potential of food-related 

substances to modulate GST expression [24,156].  

Beaumont et al (1998) studied the relationship between GST expression and resistance to 

doxorubicin in four human colon adenocarcinoma cell lines (HT-29, LoVo, SW620, and Caco-2) 

[158]. Caco-2 cells were the most resistant to doxorubicin, showing an IC50 value approximately 

80- to 90-fold higher than HT-29 or LoVo and 600-fold higher than SW620. Total GST catalytic 

activity was significantly higher in Caco-2 cells compared to the other lines. While there was no 

significant difference in the level of GSTP1 expression between the four cell lines, Caco-2 cells 

showed high GSTA1 protein expression that was not detected in the other lines. Since 

glutathione peroxidase activity was lowest in Caco-2 cells and the multidrug resistance-

associated protein and P-glycoprotein were also not detectable [158] it was concluded that 

GSTA1-medicated detoxification may play a role in cellular protection and doxorubicin 

resistance in Caco-2 cells.  

GSTA1 expression increases during differentiation in Caco-2 cells [12,14] and incubation 

of Caco-2 cells with NaB significantly increases GSTA1 in proliferating cells [24,156]. Human 

colon cells constitutively express GSTs mainly GSTA and GSTP [159]. Ebert et al (2003) 

demonstrated that NaB increased total GST activity in the human colon tumor cell line HT-29 

[160]. The comparison of basal expression of cytosolic GSTs in different cell lines such as Caco-

2, MCF-7 and HepG2 cells indicated that GSTP1 and GSTT1, were major subunits in 

proliferating colon cells. However, expression of GSTA1/2 increases during cell differentiation 

and with exposure to NaB. An increased expression of GSTs in differentiating Caco-2 cells may 

reflect the in vivo situation and indicate the potential of NaB to modify intestinal metabolism 
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[24,156]. Therefore GSTA1 may be a potential candidate involved in cellular transitioning from 

proliferation to differentiation.   
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RATIONALE 

 

In cancer cells, up-regulation of antioxidant capacity in response to intrinsic oxidative 

stress often results in the development of resistance to antineoplastic agents. Over-expression of 

GST isozymes is a characteristic adaptive response observed in resistant cells [2,3]. The over-

expression of GSTs leads to increased detoxification of antineoplastic agents resulting in 

acquired resistance to these agents [2,3]. GSTs also play roles in regulating cell signalling 

kinases. For example, in non-stressed conditions GSTP1 and GSTA1 form complexes with JNK 

and inhibit activation of JNK. The over-expression of GSTA1 in Tet-responsive MEF3T3 cells 

reduces oxidative stress-mediated JNK activation. Since cancer cells proliferate continuously and 

often fail to undergo differentiation and apoptosis, induction of these cellular transitions is a 

major emphasis in cancer therapy development. Because increased expression of GSTA1 has 

been observed during differentiation of colonic epithelial cells, GSTA1 may play a functional 

role in controlling the progression of enterocytes from proliferation, through differentiation to 

apoptosis. This rationale led to the hypothesis that modulation of GSTA1 influences 

proliferation, differentiation and apoptosis in the human colonic adenocarcinoma cell line, Caco-

2.  The hypothesis was tested with the following two objectives: 

1. To examine the effect of the pro-oxidant menadione on GSTA1-JNK complex 

dissociation and JNK activation 

2. To investigate the role of GSTA1 in cellular proliferation, differentiation and the effect of 

GSTA1 modulation on the sensitivity of Caco-2 cells to apoptosis 
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Chapter 1  

THE EFFECT OF MENADIONE ON GSTA1: JNK COMPLEX 

DISSOCIATION IN HUMAN COLONIC ADENOCARCINOMA CACO-2 

CELLS 

 

ABSTRACT 

 

Glutathione S-Transferases (GSTs) act as modulators of mitogen-activated protein 

kinase signal transduction pathways via a mechanism involving protein–protein interactions. We 

have demonstrated that GSTA1 forms complexes with JNK and modifies JNK activation during 

cellular stress, but the factors that influence complex association and dissociation are unknown. 

We hypothesized that menadione causes dissociation of GSTA1-JNK complexes, activates JNK, 

and the consequences of menadione exposure depend on GSTA1 expression. We demonstrate 

that menadione causes GSTA1-JNK dissociation and JNK activation in preconfluent Caco-2 

cells, whereas postconfluent cells are resistant to this effect. Moreover, preconfluent cells are 

more sensitive than postconfluent cells to menadione-induced cytotoxicity. Activation of JNK is 

transient since removal of menadione causes GSTA1 to re-associate with JNK reducing 

cytotoxicity. While over-expression and knockdown of GSTA1 affects GSTA1-JNK complex 

association, sensitivity to menadione-induced cytotoxicity is not altered. N-acetyl cysteine 

prevents GSH depletion and blocks menadione-induced complex dissociation and JNK 

activation. These results indicate that GSTA1-JNK complex levels do not influence menadione-

mediated JNK activation. The data suggest that the mechanism of menadione-mediated JNK 

activation involves the production of reactive oxygen species, likely superoxide anion, and 
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intracellular GSH levels play an important role in preventing GSTA1-JNK complex dissociation 

and subsequent JNK activation.   
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INTRODUCTION 

 

GSTs are a family of phase II detoxification enzymes that catalyze the conjugation of 

glutathione (GSH) to a variety of environmentally and endogenously produced electrophilic 

substances. In particular, the human alpha class GSTs, GSTA1-1, GSTA1-2 [161] and GSTA4-4 

[162] are critical in the cellular defence against the deleterious effects of oxidative stress through 

selenium-independent glutathione peroxidase activity that detoxifies phospholipid and fatty acid 

hydroperoxides [6]. In addition to enzymatic detoxification, GSTs act as modulators of MAPK 

signal transduction pathways through a mechanism involving sequestration of c-Jun N terminal 

Kinases (JNK) by protein–protein interactions [28,27]. MAPKs including JNK, p38-MAPK and 

extracellular signal-regulated kinase (ERK) serve as critical regulators of responses to 

perturbations in the cellular environment including oxidative stress [105,163]. Cell-type specific 

differences exist in MAPK responses to oxidative stress depending on the oxidant [105,164]. 

ERK activation is thought to act as a protective, prosurvival factor, while JNK and p38-MAPK 

activation generally promote cell death in response to oxidative stress [76,165].  

We have demonstrated that GSTA1 forms complexes with JNK and influences the 

development of apoptosis [14]. In view of the role of alpha class GSTs in the detoxification of 

products of lipid peroxidation and control of JNK activation in the presence of pro-oxidants, we 

suspect that GSTA1 is functioning as a sensor for oxidative stress and is an essential component 

in determining cellular fate. Differential activation of JNK may have important cellular 

consequences as transient activation is associated with proliferation and persistent activation 

leads to apoptosis [10]. Thus, the functional role of GSTA1 in oxidative stress and inhibiting 
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complex formation with JNK may influence the degree of cellular exposure to pro-oxidants and 

the level and duration of JNK activation.   

Menadione (2-methyl-1, 4-naphthoquinone, vitamin-K3) is a precursor in the synthesis of 

vitamin K that has been utilized widely in models of oxidative damage. Menadione generates 

intracellular ROS at multiple sites through redox cycling that produces semiquinone radicals 

[99,166]. Most of the reported cytotoxicities associated with menadione are thought to be a 

consequence of oxidative damage induced by ROS [167]. Menadione-mediated production of 

ROS results in activation of MAPKs and the associated cellular responses [90,168,169]. The 

purpose of this study is to investigate the role of menadione in modulating GSTA1-JNK complex 

association and the influence of altered GSTA1 expression on menadione-mediated JNK 

activation in human colon adenocarcinoma cells (Caco-2). We hypothesized that menadione-

mediated oxidative stress causes dissociation of GSTA1-JNK complexes, activates JNK and that 

the level of GSTA1 may influence the degree of complex association and menadione-mediated 

JNK activation. 

Our results indicate that high endogenous levels of GSTA1 protein inhibit JNK activation 

and cell death by menadione, whereas preconfluent cells with low GSTA1 expression are prone 

to dissociation of the GSTA1-JNK complexes and activation of JNK. Modulation of GSTA1 

affects GSTA1-JNK complex dissociation. However, protection against menadione-mediated 

depletion of GSH levels by N-acetyl cysteine (NAC) prevents GSTA1-JNK complex 

dissociation and blocks JNK activation in preconfluent cells. These results suggest that GSTA1 

levels along with GSH play an important role in preventing JNK activation and menadione 

cytotoxicity.    
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MATERIAL AND METHODS 

 

 Materials 

Dulbecco’s modified eagle’s medium (DMEM), fetal bovine serum (FBS), penicillin and 

streptomycin, menadione sodium bisulfite (Vit K3), N-acetyl cysteine (NAC), anti-human 

GSTA4-4 rabbit antiserum and a mouse antibody to β-actin were purchased from Sigma-Aldrich 

(St. Louis, MO). Anti GSTP1 rabbit antibody was purchased from Biotrin (Mississauga, ON). 

Monoclonal antibodies against JNK and p-JNK and the SAPK/JNK assay kit were purchased 

from Cell Signaling Technology, Inc. (Pickering, Ontario). The anti GSTA1 antibody, Total 

Glutathione Microplate Assay Kit and Lipid Peroxidation kit were purchased from Oxford 

Biomedical Research Inc. (Pickering, Ontario). Protein-A agarose beads, TryPLE Express, 

Stealth™ RNAi sequences and pcDNA™3.1/V5-His TOPO TA Expression Kit were purchased 

from Invitrogen (Burlington, ON). CytoTox-ONE kit was purchased from Promega (Whitby, 

ON). The ECL Plus kit was purchased from GE Health Sciences (Oakville, ON).  

 

Cell culture and treatments 

Human colon adenocarcinoma (Caco-2) cells were cultured in DMEM supplemented with 

10% (v/v) FBS and 100 µg/mL of penicillin and streptomycin in 5% CO2 at 37°C. Preconfluent 

cells, (approximately 70-80% confluent) and 10 d postconfluent cells were used. Menadione (10 

µM to 80 µM) treatments ranged from 10 min to 24 h in both wild-type and GSTA1-modulated 

Caco-2 cells. All experiments utilized cells between passages 8-40. 
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Immunoprecipitation 

The GSTA1-JNK complex was immunoprecipitated from cell lysates using a rabbit anti-

JNK antibody or mouse anti-V5 antibody. All protein samples (200µg) were pre-cleared with 

Protein-A beads. Lysates were then incubated overnight at 4
°
C with anti-JNK or anti-V5 

antibody (1:200), followed by incubation with Protein-A beads for 45 min at 4°C. Samples were 

centrifuged at 14000 × g for 2 min at 4°C. The pellet was washed 4 times with lysis buffer and 

the immunoprecipitates were resuspended with 3XSDS buffer containing 150 mM DTT. 

Samples were subject to SDS-PAGE. Samples containing Protein-A beads only and normal 

rabbit IgG were used as controls [170].  

 

Detection of GSTA1-JNK complexes 

GSTA1-JNK complexes were detected using c-Jun fusion protein beads from the 

SAPK/JNK Kinase assay kit (Cell Signaling Technologies Inc.). Sample protein (350 µg) was 

incubated with 10 µl of c-Jun fusion protein beads overnight at 4°C. Samples were centrifuged at 

14000 × g for 2 min at 4°C. The pellet was washed 4 times with lysis buffer and the 

immunoprecipitates were resuspended with 3XSDS buffer containing 150 mM DTT. Samples 

were subjected to SDS-PAGE.  

 

Transient transfections 

For siRNA transfections, Caco-2 cells (10
6 

cells/6 cm
2 

dish) were transiently transfected in 

suspension using Lipofectamine 2000 in Opti-MEM as recommended by the manufacturer. 

Preconfluent cells were transfected with non-specific negative control siRNA (NS siRNA) or 
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specific siRNA to GSTA1 for 72 h. The sequences of GSTA1 siRNA were 20:  5’ 

AAGACUGGAGUCAAGCUCCUCGACG and 3’ CGUCGAGGAGCUUGACUCCAGUCUU, 

GSTA1 siRNA 19: 5’ AGUUCCACCAGAUGA-AUGUCAGCCC and 3’ GGGCUGACAUU-

CAUCUGGUGGAACU and GSTA1 siRNA 18: 5’ UGGACAUACGGGCAGAAGGAGGAUC 

and 3’ GAUCCUCCUUCUGCCCGUAUGUCCA. The final concentration of siRNA in all the 

experiments was 40 nM.  Protein and mRNA transcript levels of GSTA1 were assessed by 

western blotting and real-time RT-PCR.  

The cDNA for GSTA1 was cloned in pcDNA 3.1/V5-His TOPO using primers 5’ 

AAACCTGAAAATCTTCCTTGCTTCTT and 3’ GAAACCTCCAGGAGACTGCTA.  A 

GSTA1 expression vector was cloned and transformed in TOP10 E.coli (Invitrogen). Plasmid 

inserts were confirmed by DNA sequence analysis at the University of Guelph Laboratory 

Services. Caco-2 cells (10
6 

cells per 6 cm
2 

dish) were transfected in suspension for 48 h to over-

express GSTA1 protein. One µg/ ml of GSTA1 pcDNA™3.1/V5-His TOPO plasmid was used in 

all experiments. Empty vector (pcDNA 3.1) was used as a transfection control.  The anti-V5 

antibody was used to confirm over-expression of GSTA1-V5 protein. 

 

SDS-PAGE and Western blot analysis  

JNK activation and GSTA1 expression was assessed by western blot analysis. Cells were 

harvested with lysis buffer and stored at -80°C. The cell extracts were sonicated on ice for 10 

min and centrifuged at 9000 × g for 20 min at 4°C. Protein was quantified by the Bradford assay 

using BSA as a standard. Protein (30 µg) was separated on 12% SDS-PAGE and transferred to 

nitrocellulose membranes that were then blocked in 5% milk in Tris-buffered saline with 0.1% 
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Tween 20 and incubated overnight with either rabbit monoclonal anti p-JNK (1:1000) antibody; 

rabbit monoclonal anti JNK (1:1000); rabbit polyclonal GSTA1 (1:5000) antibody; mouse anti-

V5 antibody (1:5000); rabbit polyclonal GSTP1 (1:500); or rabbit GSTA4-4 antisera (1:500). 

After 1 h of incubation with a horseradish peroxidase-conjugated anti-rabbit antibody or anti-

mouse antibody, bands were detected by chemiluminescence (ECL Plus) and visualized using a 

Typhoon 9410 scanner (GE Health Care). The densitometric analysis of protein was determined 

using Image J (NIH software). Three independent experiments were performed and 

representative blots are from one experiment. β-actin was detected as a protein loading control.  

 

Cytotoxicity assay 

Cytotoxicity was determined by lactate dehydrogenase (LDH) release using a CytoTox-

ONE kit (Promega) according to the manufacturer’s protocol. Caco-2 cells (15,000 cells/well) 

were plated in 96-well clear bottom black plates. Cells were treated with menadione (40 µM and 

80 µM) for 4 h and 24 h after which cells were removed from the incubator and left to equilibrate 

to room temperature for 30 min. LDH release was measured at 544/590 nm using a FluoStar 

OPTIMA fluorimeter (BMG Labtech). Percent cytotoxicity was calculated as recommended.  

 

Lipid peroxidation assay 

Preconfluent Caco-2 cells (3×10
6
 cells/10 cm

2 
dish) were treated with menadione (40µM) 

for 4 h, 6 h and 24 h. Cells were then harvested with 20 mM PBS supplemented with 5 mM 

butylated hydroxytoluene to prevent sample oxidation. The protein was quantified by the 

Bradford assay. Four hundred micrograms of protein of each sample was used in the assay. Lipid 

peroxidation was then determined for each sample (400 µg) by measuring malondialdehyde 
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(MDA) and 4-hydroxyalkenal (HAE) levels as described by the manufacturer (Oxford 

Biomedical Research Inc.).  

 

Total Glutathione assay  

Preconfluent and 10 d postconfluent Caco-2 cells (10
4
cells/96-well) were treated with 

menadione (40 µM) for 4 h. In a separate experiment, preconfluent cells (10
4
 cells per well in 96 

well plate) were preincubated with 20 mM NAC for 2 h followed by menadione (40 µM) 

treatment for 4 h. Glutathione concentration was determined using a Total Glutathione (tGSH) 

Microplate Assay kit as described by manufacturer (Oxford Biomedical Research Inc.).  

 

Statistical analysis 

Data are expressed as means ± S.E. Statistical analysis was conducted using ANOVA tests. 

For single variance, Tukey’s post-hoc test was used; for multiple variances Bonferroni’s post-

hoc test was applied. Differences were considered statistically significant at p<0.05. If 

inhomogeneity of variance was found in the raw data (Brartlett's test; p<0.05), this was corrected 

before ANOVA by log transformation. 
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RESULTS 

 

1.1. Menadione activates JNK in preconfluent and postconfluent Caco-2 cells.  

We investigated the effect of the pro-oxidant, menadione on JNK activation in 

preconfluent and postconfluent Caco-2 cells. Cells were incubated with (40 µM) menadione for 

0.2 to 24 h, and p-JNK and GSTA1 protein levels were assessed by western blot analysis (Figure 

1A and B). Activated JNK was quantified by densitometric analysis and normalized to actin 

(Figure 1C). In preconfluent cells, p-JNK protein levels increased by 9.1- (p<0.01), 9.3- 

(p<0.001) and 7.2- (p<0.01) fold after 4, 6 and 24 h respectively of incubation with menadione 

as compared to control (Figure 1A and C). The fold-change in JNK activation when compared to 

control was greater in preconfluent cells than postconfluent cells (Figure 1C). Total JNK and 

GSTA1 levels were unaffected with treatment in preconfluent and postconfluent cells.  
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Figure 1 

 

 

 

 

 

 

2 

Figure 1. Menadione-mediated JNK activation is time-dependent in preconfluent Caco-2 

cells. 

Representative western blots of p-JNK (~54KDa and 46KDa) protein levels in (A) preconfluent 

and (B) postconfluent Caco-2 cells after treatment with menadione (40 µM) for 0.2 to 24 h. Total 

JNK (~54KDa and 46KDa) and GSTA1 (~25KDa) protein expression were identified and β-

actin (~42KDa) was used as a protein loading control. (C) Densitometric analysis of p-JNK 

levels in menadione-treated preconfluent and postconfluent Caco-2 cells relative to control. 

Values represent the mean ± S.E of two experiments with three replicates each. Asterisks depict 

statistical significance from control. (**, p<0.01; ***, p<0.001). 
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1.2. Menadione causes GSTA1-JNK complex dissociation only in preconfluent Caco-2 cells. 

We have previously shown that GSTA1 forms complexes with JNK in Caco-2 cells and 

that the degree of complex formation varies with cellular confluency and the level of GSTA1 

expression [14]. GSTA1-JNK complex formation was assessed in both preconfluent and 

postconfluent cells by pull-down using c-Jun fusion protein beads and the presence of GSTA1 

was determined by western blot analysis. Figure 2A shows that GSTA1 is bound to JNK and the 

level of GSTA1 protein expression in the complex increases with cellular confluency. GSTP1 

also formed a complex with JNK but GSTP1 levels in the complex did not change with 

confluency. We next investigated the effect of menadione on GSTA1-JNK complex 

formation/dissociation (Figure 2B and C). Immunoprecipitation of GSTA1-JNK complexes in 

preconfluent cells with anti-JNK antibodies (Figure 2B) revealed that complex dissociation 

occurs after 4 h of treatment with menadione (40 µM), which corresponds to the time of maximal 

activation of JNK (see Figure 1A). Figure 2C demonstrates the effect of menadione (40 µM) on 

GSTA1-JNK complex integrity over time. While the presence of GSTA1 in the complexes 

diminished to almost undetectable levels by 4 h in preconfluent cells, GSTA1–JNK protein 

complexes did not dissociate in postconfluent cells. The level of GSTP1 in the complex was not 

affected by menadione and GSTA4-4 was not detected in the complexes (Figure 2C).  
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Figure 2. Menadione causes GSTA1-JNK complex dissociation in preconfluent Caco-2 

cells. 

JNK and associated binding partners were pulled-down using c-Jun fusion protein beads or 

immunoprecipitated in preconfluent and postconfluent Caco-2 cells. GST proteins in the 

complexes were detected by immunoblotting. (A) Representative immunoblot of GSTA1 

(~25KDa) and GSTP1 (~26KDa) protein forming complexes with JNK in untreated preconfluent 

and postconfluent Caco-2 cells. (B) Representative western blots of GSTA1-JNK complexes 

following 4 h of menadione (40 µM) treatment in preconfluent cells. Complexes were 

immunoprecipitated with anti-JNK antibody and GSTA1 protein in the complexes was 

determined by immunoblotting. (C) Immunoblot of GSTA1 protein in JNK-GSTA1 complexes 

in preconfluent and postconfluent cells. Cells were treated with menadione 40 µM for 0.5, 3 and 

4 h. The presence of GSTP1 (~26KDa) and GSTA4-4 (~24KDa) in complex with JNK was also 

assessed.  
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1.3. Temporary exposure of Caco-2 cells to menadione has a transient effect on GSTA1-JNK 

complex dissociation and JNK activation.  

To determine whether menadione-mediated dissociation of GSTA1-JNK complexes was 

transient or permanent, we investigated the effect of temporary treatment on p-JNK and GSTA1-

JNK complexes by replacing the media containing menadione (40 µM) with fresh complete 

media after 4 h. Figure 3A indicates that menadione caused an approximately 14-fold increase in 

p-JNK levels in preconfluent cells at 4 h but removal of menadione from the media for 24 h 

(indicated by an asterisk in the figure) resulted in a significant decrease in p-JNK levels to a level 

approximately 2.4-fold greater than control at 24 h (p<0.01) (Figure 3B). This effect of 

menadione on GSTA1-JNK complex dissociation was also transient as the complexes showed 

evidence of re-association, 24 h after removal of menadione from the media (Figure 3C). 
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Figure 3. Menadione-mediated activation of JNK is transient and GSTA1-JNK complexes 

reform following menadione removal. 

 (A) Representative western blot of p-JNK protein (~54KDa and 46KDa) levels in preconfluent 

Caco-2 cells treated with 40 µM menadione for 4 h followed by either cell harvesting or by 

replacement with fresh complete media without menadione for 24 h (asterisk). β-actin (~42KDa) 

was used as a protein loading control. (B) Densitometric analysis of p-JNK levels compared to 

control. Values represent the mean ± S.E of three experiments with three replicates each. Bars 

with different letters are significantly different (p<0.01). (C) Immunoblot of GSTA1 (~25KDa) 

and JNK (~54KDa and 46KDa) protein levels in pull down complex using c-Jun beads at 4 h and 

24 h of menadione treatment and after 24 h (asterisk) of replacing media.  
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1.4. Preconfluent Caco-2 cells are more sensitive to menadione-induced cytotoxicity than 

postconfluent cells. 

To determine the relative sensitivity of preconfluent and postconfluent Caco-2 cells to 

menadione-induced cytotoxicity, LDH release was assessed at 4 h and 24 h after menadione 

treatment at two different concentrations, 40 and 80 µM. The results show that 40 µM 

menadione caused significant toxicity to 81.7% (p<0.001) in preconfluent cells at 24 h, and that 

80 µM menadione caused 23.4% (p<0.001) and 93.6% (p<0.001) cytotoxicity at 4 h and 24 h of 

incubation respectively (Figure 4A). In postconfluent cells, menadione concentrations of 40 µM 

and 80 µM doses were not toxic at 4 h. However, a menadione concentration of 80 µM caused 

57.4% cytotoxicity at 24 h in postconfluent cells (Figure 4B) that was significantly (p<0.001) 

less than that of 40 µM or 80 µM concentrations in preconfluent cells at 24 h. We next compared 

the cytotoxicity in preconfluent cells caused by menadione (40 µM) at 4 h, 24 h and menadione 

incubation for 4 h, followed by replacement with complete media for 24 h (indicated by an 

asterisk in Figure 4C). The results demonstrate that menadione 40 µM was not toxic after 4 h as 

mentioned above and the same dose caused significant toxicity after 24 h (78.9%; p<0.001). 

However, replacement of menadione with fresh complete media resulted in a significant 

reduction in cytotoxicity from 78.9% to 49.7% (p<0.001).  
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Figure 5 

 

 

 

 

 

 

 

Figure 4. Menadione-induced cytotoxicity is greater in preconfluent compared to 

postconfluent Caco-2 cells. 

 Cytotoxicity was assessed in Caco-2 cells, treated with different concentrations (40 µM and 80 

µM) of menadione for 4 h or 24 h and % cytotoxicity was calculated for (A) preconfluent cells 

and (B) postconfluent cells. (C) Cytotoxicity was assessed in preconfluent cells treated with 

menadione (40 µM) for 4 h, for 24 h or for 4 h followed by replacement with complete media for 

24 h (asterisk). Values represent the mean ± S.E. of three independent experiments with six 

replicates each. Bars with different letters are significantly different (p < 0.001). 
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1.5. Over-expressed GSTA1 forms a complex with JNK but does not impede menadione-

induced complex dissociation. 

To determine the specific role of GSTA1 in inhibiting menadione-induced JNK activation, 

we transiently over-expressed GSTA1 in preconfluent Caco-2 cells. Western blot analysis 

confirmed that GSTA1-V5 protein was present in cells transfected with GSTA1-V5 plasmid and 

was not present in cells transfected with empty vector (EV) (Figure 5A). Overexpression of 

GSTA1 did not reduce menadione-mediated JNK activation because p-JNK protein levels were 

significantly increased in all cells treated with menadione (40 µM). To determine if transiently 

over-expressed GSTA1 protein (GSTA1-V5) binds to JNK, GSTA1-JNK complexes were 

pulled-down using c-Jun fusion protein beads (Figure 5B) and immunoprecipitation using a 

mouse anti-V5 antibody (Figure 5C) in independent experiments. The presence of GSTA1-V5, 

endogenous GSTA1 and GSTP1 protein in complex with JNK was assessed. GSTA1-V5 protein 

was bound to JNK in association with endogenous GSTA1 and menadione caused dissociation of 

both endogenous and overexpressed GSTA1 as well as JNK (Figure 5B and 5C). GSTA1 over-

expression did not alter menadione-induced cytotoxicity as LDH release was similar in both 

GSTA1-V5 and EV-transfected cells (data not shown).  
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Figure 6 

 

 

 

Figure 5. Over-expressed GSTA1 forms a complex with JNK but does not impede 

menadione-induced complex dissociation.  

 

Preconfluent Caco-2 cells were transiently transfected with one µg of either GSTA1-V5 or 

empty vector (EV) followed by menadione (40 µM) treatment for 4 h. (A) Representative 

western blots for V5 (~26KDa) tagged-protein, p-JNK protein (~54KDa and 46KDa) levels, 

GST P1 (~26KDa) and, GSTA1 (~25KDa) endogenous protein expression were also assessed 

and β-actin was used as a protein loading control. (B) Immunoblot of V5 tagged-GSTA1 and 

endogenous GSTA1 protein levels in pull down complex using c-Jun beads. (C) Immunoblot of 

JNK, GSTA1-V5 and GSTA1 endogenous levels in the complexes pulled-down by 

immunoprecipitation using anti-V5 antibody. 
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1.6. Down-regulation of GSTA1 reduces GSTA1-JNK complex formation but does not alter 

menadione-induced JNK activation.  

To further investigate the role of GSTA1 on menadione-induced JNK activation and 

GSTA1-JNK complex dissociation, endogenous GSTA1 was transiently down-regulated in 

preconfluent Caco-2 cells using a siRNA approach. Endogenous GSTA1 protein levels decreased 

63% (p<0.01) using GSTA1-specific siRNA. No significant decrease was observed in 

endogenous GSTA1 with non-specific control siRNA oligoduplexes (Figure 6A and B). While p-

JNK levels significantly increased by nine-fold (p<0.01) with menadione treatment, no 

significant differences were observed in the amount of JNK activation with GSTA1 down-

regulation (Figure 6A). GSTA1 down-regulation did not alter menadione-induced cytotoxicity as 

LDH release was similar in both GSTA1-specific siRNA and NS siRNA-transfected cells (data 

not shown). Western blot analysis of GSTA1 in pulled-down GSTA1-JNK complexes revealed 

that GSTA1 down-regulation reduced GSTA1-JNK complex levels by 58% and 93% in both 

untreated and menadione-treated cells compared to either cells transfected with nonspecific 

siRNA or to untransfected controls (Figure 6C). GSTP1 expression did not change with GSTA1 

down-regulation with or without menadione treatment (Figure 6A and C).  
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Figure 7 
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Figure 6. Down-regulation of GSTA1 reduces GSTA1-JNK complex formation but does not 

affect menadione-induced p-JNK levels.  

(A) Representative western blots of GSTA1 (~25KDa), GSTP1 (~26KDa) and p-JNK protein 

(~54KDa and 46KDa) levels in Caco-2 cells that were transiently transfected with 40 nM of 

GSTA1-siRNA or non-specific siRNA. After 72 h, cells were treated with 40 µM menadione for 

4 h. β-actin was used as a protein loading control. (B) Densitometric analysis of GSTA1 levels in 

GSTA1 down-regulated cells. Values represent the mean ± S.E of three independent experiments 

with three replicates each. Bars indicated by b differ significantly from a (p<0.01). (C) 

Representative western blot of GSTA1 and GSTP1 and JNK protein expression in pull down 

complexes using c-Jun beads in GSTA1 down-regulated cells with and without menadione 

treatment.   
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1.7. N-acetyl cysteine (NAC) blocks menadione-activated JNK in Caco-2 cells.  

To investigate the mechanism by which menadione activates JNK, we pre-incubated Caco-2 

cells with the antioxidants PEG-catalase, N-acetyl cysteine (NAC) and Vitamin E. While 

menadione caused significant JNK activation (p<0.01) in cells pre-treated with PEG-catalase 

(2.9-fold) and Vitamin E (3.0-fold) relative to cells without antioxidant pretreatment (2.5-fold), 

NAC completely inhibited JNK activation by menadione. None of the antioxidants affected 

GSTA1 protein levels (Figure 7A and B).  Pre-incubation of cells with NAC also prevented the 

dissociation of GSTA1-JNK complexes by menadione (Figure 7C).  
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Figure 8 
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Figure 7. N-acetyl cysteine blocks menadione-induced activation of JNK.  

Preconfluent Caco-2 cells were pre-incubated with PEG-catalase (500 U/ml for 1 h), N-acetyl 

cysteine (NAC, 20 mM for 2 h) and Vitamin E (5 µM/ml for 4 h) followed by 40 µM menadione 

for 4 h. (A) Representative western blot of p-JNK levels in preconfluent cells with and without 

antioxidants and menadione. GSTA1 and β-actin protein expression was also analysed. (B) 

Densitometric analysis of p-JNK protein. Values represent the mean ± S.E of three independent 

experiments with three replicates each. Bars with different letters are significantly different 

(p<0.001). (C) Immunoblot of GSTA1 protein expression in GSTA1-JNK complexes with and 

without NAC and menadione. The GSTA1-JNK complex was pulled-down using c-Jun fusion 

beads. 
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1.8. NAC prevents menadione-mediated GSH depletion and cytotoxicity but lower dose of 

menadione does not cause lipid peroxidation in Caco-2 cells. 

We next determined if the effects of menadione on Caco-2 cells is related to depletion of total 

GSH levels (Figure 8A). Our results show that GSH levels were significantly higher by three-

fold (p<0.001) in postconfluent (48.79 nmol/mg protein) compared to preconfluent cells (16 

nmol/mg protein). Menadione (40 µM) treatment for 4 h caused a significant decrease in GSH 

concentration both in preconfluent and postconfluent cells. In preconfluent cells the GSH 

concentration dropped from 16 nmol/mg protein to undetectable levels (p<0.001) and in 

postconfluent cells the GSH levels decreased by 57.1 % (p<0.001); from 48.7 nmol/mg protein 

to 20.8 nmol/mg protein (40 µM). Furthermore, preincubation of preconfluent and postconfluent 

cells with NAC prevented the depletion of GSH in menadione-treated cells (Figure 8A). 

Preincubation of NAC also protected the cell from menadione-induced cytotoxicity in 

preconfluent cells (Figure 8B).  We also assessed the ability of menadione to induce lipid 

peroxidation in Caco-2 cells since products of lipid peroxidation are activators of JNK. Levels of 

malondialdehyde (MDA) and 4-hydroxyalkenal (HAE) were not altered in Caco-2 cells treated 

with menadione (40 µM) after 4 h of treatment (Figure 8C). Higher doses of menadione (100 and 

200 µM) for 4 h caused a significant increase in MDA + HAE levels (p<0.001); from 1.48 

nmol/mg to 11.7 and 28.9 nmol/mg respectively. 
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Figure 

 

 

 

 

Figure 8.  NAC prevents menadione-mediated GSH depletion and cytotoxicity but lower 

dose of menadione does not cause lipid peroxidation in Caco-2 cells.  

 (A) GSH concentration (µmol/mg protein) in preconfluent and postconfluent cells (B) % 

cytotoxicity in preconfluent Caco-2 cells preincubated with NAC (20 mM) for 2 h followed by 

menadione (40 µM) for 4 h. Values represent the mean ± S.E. of 6 independent replicates each. 

Bars with different letters are significantly different (p< 0.001). (C) Caco-2 cells were treated 

with menadione (40, 100 and 200 µM) for 4 h, and lipid peroxidation was determined by 

assessing malondialdehyde (MDA) and 4-hydroxyalkenal (HAE) levels. The graph indicates 

MDA+ HAE release (µmol/mg protein) in control and menadione-treated preconfluent cells. 

Values represent the mean ± S.E. of four independent experiments with six replicates each. 
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DISCUSSION 

 

We have previously demonstrated complex formation between GSTA1 and JNK and that 

over-expression of GSTA1 in Tet-responsive MEF3T3 cells reduces JNK activation by oxidative 

stress [14].  In the current study we investigated whether oxidative stress, due to the pro-oxidant 

menadione, is a key determinant in mediating GSTA1-JNK complex dissociation and JNK 

activation. Our results demonstrate that menadione causes GSTA1-JNK complex dissociation 

and JNK activation. Menadione-mediated JNK activation was significantly greater in 

preconfluent Caco-2 cells that endogenously express low levels of GSTA1 and GSH compared 

to postconfluent cells that express higher levels. Transient exposure to menadione in 

preconfluent cells leads to dissociation of complexes with subsequent re-association and 

reduction in JNK activation and the degree of cytotoxicity. While menadione caused dissociation 

of GSTA1-JNK complexes in cells with forced expression or knock-down of GSTA1 levels, 

there is no effect on menadione-mediated JNK activation or cytotoxicity. However, the 

antioxidant NAC effectively prevents dissociation of GSTA1-JNK complexes, induction of 

cytotoxicity and blocks menadione-induced phosphorylation of JNK. These findings suggest that 

ROS, likely superoxide anion accumulation, is a primary activator of JNK by menadione and that 

levels of glutathione play a key role in modulating JNK activation during oxidative stress.  

We demonstrated that menadione (40 µM) rapidly activates JNK in preconfluent Caco-2 

cells within 30 min of exposure with peak activation between 4 to 6 h. Similar results were 

obtained by Osada et al (2008) who demonstrated, in a rat pancreatic cancer cell line (ARIP), 

that menadione activates JNK at 30 min and that this activation is maintained over 6 h [90]. 

Dunning et al (2009) has also demonstrated that menadione-induced JNK activation is dose- and 



 

55 

 

time-dependent in rat hepatic stellate cells (HSCs) [94,105]. In postconfluent cells, the fold-

change in JNK activation is not as great as that observed in preconfluent cells following 

menadione treatment. This suggests that increased GSTA1 protein levels in postconfluent cells 

may be responsible for reduced JNK activation following oxidative stress stimulation. These 

findings are supported by our previous studies in which increased GSTA1 levels in postconfluent 

Caco-2 cells were associated with increased complex formation with JNK and reduced JNK 

phosphorylation of c-Jun following exposure to the pro-oxidants IL-1β, UV-light and H2O2 [14]. 

It has been suggested that the biological relevance of increased GSTA1 expression with 

increasing confluency contributes to a ‘sensor’ capacity to respond to changes in redox potential 

during oxidative stress [125]. Menadione-mediated activation of JNK occurs in conjunction with 

dissociation of GSTA1-JNK complexes in Caco-2 cells. This suggests that complex dissociation 

is necessary for JNK activation to occur. Moreover, GSTA1-JNK complex dissociation occurs in 

preconfluent and not in postconfluent cells suggesting that the level of GSTA1 expression may 

influence the integrity of complex association with JNK. GSTA4-4 expression does not change 

with menadione treatment and does not form complexes with JNK. While GSTP1 is present in 

complexes with JNK, GSTP1 levels in the complex do not change with menadione treatment 

suggesting that increased levels of superoxide anion is not capable of altering the association of 

GSTP1 with JNK. Whereas direct inhibitory interactions between GSTP1 and JNK [13,27] and 

between GST Mu and ASK1 [71] have been shown, our results indicate that maintenance of 

GSTP1-JNK complex integrity following menadione treatment does not prevent JNK activation. 

While our results suggest that the level of GSTA1 expression establishes the degree of 

dissociation of GSTA1-JNK complexes in response to oxidative stress, it is possible that other 
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factors associated with advancing confluency, such as the antioxidant capacity, may play a 

modulatory role.  

We also show that JNK activation by menadione is transient since GSTA1-JNK complexes 

re-associate and levels of activated JNK significantly decrease after removal of menadione. 

Transient JNK activation has been demonstrated in studies on cardiac myocytes [68] using H2O2 

where p-JNK levels remained elevated with sustained treatment and declined during transient 

stress. It has previously been shown that superoxide anion produced by menadione initiates 

signals that result in JNK phosphorylation [94,95]. It is also likely that superoxide anion causes 

GSTA1 to be released from the complex with JNK. Our data have indicated for the first time that 

complex formation and disassembly is a reversible process since removal of the stimulus causes 

JNK to return to a latent state and re-associates with GSTA1.  

While menadione, at a concentration of 40 µM, causes maximal JNK activation in 

preconfluent cells at 4 h, cytotoxicity is not observed unless cells are persistently exposed to 

menadione for 24 h. In addition, postconfluent cells are relatively resistant to menadione-induced 

cytotoxicity compared to preconfluent cells possibly due to higher GSTA1 levels or other 

cellular factors, such as glutathione, that prevent JNK activation and subsequent cell death. This 

suggests that menadione-mediated activation of JNK triggers cytotoxicity which occurs later if 

the oxidative stress stimulus is persistent. Indeed, transient exposure of Caco-2 cells to 

menadione results in a significant decrease in cytotoxicity as compared to persistent exposure. 

This is a reversible process since a decrease in p-JNK levels after removal of menadione slowly 

allows for cellular recovery. These findings are supported by studies on Jurkat T-cells that 
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implicated the involvement of the JNK pathway in radiation-induced apoptosis and the 

importance of the duration of JNK activation in determining cellular fate [171].  

In this study, altered levels of GSTA1 expression (using either siRNA technology or a 

GSTA1 over-expression vector) did not alter the overall level of JNK activation by menadione. 

While levels of GSTA1 protein complexed with JNK decreased in cells transiently transfected 

with GSTA1 siRNA suggesting that the overall levels of GSTA1 are important for complex 

formation, levels of activated JNK did not change. In addition, overexpressed GSTA1 can also 

form complexes with JNK however JNK activation is not significantly different from controls. 

Futhermore, modulated levels of GSTA1 does not alter levels of menadione-induced 

cytotoxicity. This suggests that the level of GSTA1 expression is not a determinant of 

susceptibility to JNK activation.  

Several lines of evidence indicate the importance of protection against superoxide anion 

production as a key aspect in minimizing the consequences of menadione exposure. While we 

had hypothesized that products of lipid peroxidation might be involved in activation of JNK, we 

have shown that lipid peroxidation does not occur as a result of 40 µM menadione exposure. Our 

finding that vitamin E does not impede JNK activation corresponds with the inability of 40 µM 

menadione to cause lipid peroxidation. Petrova (2008) also demonstrated that alpha-tocopherol 

does not protect cells against ROS damage in rat thymocytes [172]. While the mechanism by 

which menadione activates JNK in Caco-2 cells is independent of lipid peroxidation, our results 

suggest that superoxide anion plays a key role. For example, both thiol (NAC) and non-thiol 

(PEG-Catalase and vitamin E) antioxidants were utilized to block ROS but only NAC-mediated 

increase in glutathione (GSH) levels blocked menadione-induced JNK activation in Caco-2 cells. 
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Others have also shown that GSH is an inducible component of the superoxide adaptive stress 

response correlating with a reduction in intracellular oxidation [173]. Previous studies in various 

cell lines indicate that menadione depletes GSH in preconfluent cells [94,174]. Laux (2001) has 

shown that menadione-induced cytotoxicity in Jurkat T cells is due to altered mitochondrial 

membrane potential that interferes with one-electron transfer and generates superoxide anion free 

radicals, an effect that can be reversed by NAC [171]. Moreover, superoxide anion-induced 

apoptosis in HSC is dependent on JNK activation and glutathione status [94]. The inability of 

PEG-catalase to block JNK activation demonstrated in the present study suggests that 

menadione-induced JNK activation is independent of a pathway that involves H2O2. Others have 

shown that PEG-catalase is not protective against menadione-induced cellular injury in alveolar 

epithelial cells [175] and that menadione cytotoxicity utilizes mechanisms that are distinct from 

that of H2O2 exposure [176]. Moreover, it has been demonstrated that menadione, but not 

hydrogen peroxide, reduces cellular glutathione levels [94]. Glutathione provides a major source 

of thiols critical to the maintenance of a reduced cellular environment that is conducive to cell 

survival [177]. The decrease of GSH concentration in postconfluent Caco-2 cells following 

menadione treatment may imply that the increase of menadione-thiodione metabolism by 

induction of GSTA1 led to increase the consumption of GSH. Further studies are required to 

determine the cytoprotective role of GSH-dependent peroxidase activity of GSTA1 during 

menadione-induced oxidative stress. 

The results of this study indicate that the mechanism of menadione-mediated JNK 

activation involves the production of reactive oxygen species, likely superoxide anion. We also 

provide evidence, for the first time, for a GSH-dependent mechanism in regulating JNK 

activation and Caco-2 cell death by oxidative stress. Thus, it is clear that the levels of 
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intracellular GSH play a more important protective role than the level of GSTA1 expression in 

menadione cytotoxicity, NAC did increase JNK-GSTA1 complex integrity suggesting that these 

complexes may play a role in cytoprotection. It is also possible that the decrease in menadione-

induced cytotoxicity observed in postconfluent Caco-2 cells may be mediated by an increase in 

menadione metabolism due to an increase of GSTA1 expression and GSH conjugation, rather 

than via an increase in dissociation of GSTA1-JNK complexes.  



 

60 

 

Chapter 2 

 LOW LEVELS OF GSTA1 EXPRESSION ARE REQUIRED FOR CACO-2 

CELLS PROLIFERATION 

ABSTRACT 

 

The colonic epithelium continuously regenerates with transitions through various cellular 

phases including proliferation, differentiation and cell death via apoptosis. Human colonic 

adenocarcinoma (Caco-2) cells in culture undergo spontaneous differentiation into mature 

enterocytes in association with progressive increase in expression of glutathione S-transferase 

alpha-1 (GSTA1). We hypothesize that GSTA1 plays a functional role in controlling 

proliferation, differentiation and apoptosis in Caco-2 cells. We demonstrate increased GSTA1 

levels associated with decreased proliferation and increased expression of differentiation markers 

alkaline phosphatase, villin, dipeptidyl peptidase-4 and E-cadherin in postconfluent Caco-2 cells. 

Results of MTS assays, BrdU incorporation and flow cytometry indicate that forced expression 

of GSTA1 significantly reduces cellular proliferation and siRNA-mediated down-regulation of 

GSTA1 significantly increases cells in S-phase and associated cell proliferation. Sodium butyrate 

(NaB) at a concentration of 1 mM reduces Caco-2 cell proliferation, increases differentiation and 

increases GSTA1 activity 4 fold by 72 hours. In contrast, 10 mM NaB causes significant toxicity 

in preconfluent cells via apoptosis through caspase-3 activation with reduced GSTA1 activity. 

However, GSTA1 down-regulation by siRNA does not alter NaB-induced differentiation or 

apoptosis in Caco-2 cells. While 10 mM NaB causes GSTA1-JNK complex dissociation, 
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phosphorylation of JNK is not altered. These findings suggest that GSTA1 levels may play a role 

in modulating enterocyte proliferation but do not influence differentiation or apoptosis.   
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INTRODUCTION 

 

The glutathione S-transferases (GSTs) are a multigene family of drug detoxification 

enzymes that are important in phase II metabolism by catalyzing the conjugation of glutathione 

to a variety of electrophilic substances [6]. GSTs are also involved in the biosynthesis and 

metabolism of prostaglandins [21], steroids [22] and leukotrienes [20], in the detoxification of 

products of lipid peroxidation [17] and in the acquisition of resistance to chemotherapeutic 

agents [110]. GST isoenzymes are also known to modulate cell signaling pathways that control 

cell proliferation and apoptotic cell death [27,28] and have become potential therapeutic targets 

for the treatment of cancer [38].  

Human colonic adenocarcinoma Caco-2 cells are extensively utilized as a model of 

intestinal epithelial cell differentiation as they have many phenotypic features of enterocytes 

[178].  In vivo, colonic epithelial cells are continuously renewing with a systematic turnover of 

cells involving transition between cell proliferation, differentiation and cell death by apoptosis. 

In culture, Caco-2 cells grow as an epithelial monolayer and undergo enterocyte-like 

differentiation with concomitant biochemical changes [122,123]. Differentiation of Caco-2 cells 

is characterized by cell polarization, appearance of intercellular tight junctions and typical brush 

border microvilli projecting perpendicularly to the surface. The expression and activity of brush 

border enzymes notably alkaline phosphatase (AlkP), are increased in cellular differentiation 

[126,141,179,180]. Moreover, the expression of GSTA1 progressively increases as Caco-2 cells 

differentiate [14]. Terminally differentiated enterocytes undergo apoptosis and are sloughed from 

the surface epithelium into the intestinal lumen [153]. Therefore apoptosis seems to be a 

necessary component of colonocyte terminal differentiation [137]. Indeed, neoplastic 
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transformation of the colonic epithelium is associated with disordered regulation of cellular 

differentiation and apoptosis [107].  

Numerous factors are involved in the control of intestinal epithelial cell differentiation, 

including growth factors, hormones, extracellular matrix proteins, vitamins, and luminal 

nutrients such as short chain fatty acids (SCFAs) [126]. Sodium butyrate (NaB), a short-chain 

fatty acid present in the human large intestine, is derived from bacterial fermentation of complex 

carbohydrates. NaB is a preferred energy source for normal colonocytes in vivo but also reduces 

the growth and motility of colon cancer cell lines and causes dose-dependent cellular 

differentiation and apoptosis [143,150,181].  

GSTs act as mediators of cell signaling kinase pathways involved in cell cycle transition 

such as proliferation and apoptosis [38]. Progressive increase in GSTA1 expression with cellular 

confluency in Caco-2 cells may influence responses to cellular stress [14]. Therefore we suspect 

that GSTA1 may function as a modulator of cell phase transitions. We have previously shown 

that the incidence of apoptosis stimulated by tumour necrosis factor α and sodium butyrate is 

significantly higher in preconfluent Caco-2 cells with minimal GSTA1 expression compared to 

differentiated postconfluent cells with high GSTA1 expression [14]. We hypothesized that low 

GSTA1 expression was a necessary condition for cell proliferation and that increased expression 

of GSTA1 is a requirement for Caco-2 cell differentiation. Our results indicate that low 

concentrations (1 mM) of NaB cause Caco-2 cell differentiation and concomitant GSTA1 

induction and high concentrations (10 mM) stimulate apoptosis and down-regulation of GSTA1. 

Moreover, manipulation of GSTA1 levels by forced expression and siRNA technology 

demonstrated altered cell proliferation but did not affect NaB-mediated differentiation or 

sensitivity to apoptosis. 
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MATERIALS AND METHODS 

 

Materials 

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), penicillin and 

streptomycin, mouse anti-β-actin antibody, reduced glutathione, para-nitrophenyl phosphate, 

para-nitrophenol and sodium butyrate were purchased from Sigma-Aldrich (Oakville, ON). The 

anti-GSTA1 rabbit antibody was purchased from Oxford Biomedical Research (Pickering, ON). 

Anti-GSTP1 rabbit antibody was purchased from Biotrin (Mississauga, ON). Mouse anti-V5 

antibodies, TryPLE Express, Stealth™ siRNA sequences and pcDNA 3.1/V5-His TOPO TA 

Expression Kit, TRIzol reagent, MMLV (Moloney-murine-leukaemia virus) RT were purchased 

from Invitrogen (Burlington, ON). 5-Androstene-3,17-dione (AD) was purchased from 

Steraloids Inc (Newport, RI). An ECL Plus kit was purchased from GE Health Sciences 

(Oakville, ON). A DNA Master SYBR Green I kit and 5-bromo-2-deoxyuridine (BrdU) 

chemiluminescent enzyme-linked immunosorbant assay (ELISA) kit was purchased from Roche 

Diagnostics (Mississauga, ON, Canada). CytoTox-ONE Assay kits and Aqueous Non-

Radioactive Cell Proliferation (MTS) Assay kits were purchased from Promega (Whitby, ON). A 

SAPK/ JNK Kinase assay kit, and rabbit anti-caspase-3 antibodies were purchased from Cell 

Signaling Technology, Inc (Pickering, Ontario). 

 

Cell culture and treatments 

Human adenocarcinoma (Caco-2) cells were cultured in DMEM supplemented with 10% 

(v/v) FBS and 100 µg/mL of penicillin and streptomycin in 5% CO2 at 37°C. All experiments 

utilized preconfluent cells with 80% confluency and 10 d postconfluent Caco-2 cells between 
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passages 8-40. Wild type Caco-2 and GSTA1-modulated Caco-2 cells were treated with sodium 

butyrate (NaB, 1mM and 10mM) in serum-free media for 24 to 72 h.  

 

RNA isolation and real-time RT–PCR analysis  

Total RNA was isolated using TRIzol reagent, according to the manufacturer’s 

instructions. Isolated RNA (one μg/20 μl of reaction volume) and one unit of RQ1 DNAse were 

used to prepare DNase-treated RNA. Complementary DNA (cDNA) was then generated from the 

DNase-treated RNA using 0.1 μg of random primers, 20 units of RNase inhibitor, 10 mM dNTPs 

(Invitrogen) and 200 units of MMLV (Moloney-murine-leukaemia virus) RT. Real-time PCR 

was performed on a Roche Light Cycler using a DNA Master SYBR Green I kit. The PCR 

reaction was done in a volume of 10 μl, containing 1 μl of SYBR Green I, 5 μM of each primer 

and 2 mM MgCl2. Oligonucleotide primers for the differentiation makers AlkP were 5’ 

CTCCAACATGGACATTGACG and 3’ TGAGATGGGTCACAGACTGG, villin were 5’ 

AGCCAGATCACTGCTGAGGT and 3’ TGGACAGGTGTTCCTCCTTC, dippeptidyl 

peptidase-4 (DDP-4) were 5’ GGCGTGTTCAAGTGTGGAAT and 3’ 

TCTTCTGGAGTTGGGAGACC, E-cadherin (E-cad) were 5’ 

TGATCGGTTACCGTGATCAAAA and 3’ GTCATCCAACGGGAATGCA and for 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were 5’ CAGTCCATGCCATCACTGCC 

and 3’ GCCTGCTTCACCACCTTCTTG. The PCR parameters were 95
◦
C for 1 min, 1 cycle, 

and 35 cycles of 95
◦
C for 15 s, 70

◦
C for 5 s and 72

◦
C

 
for 15 s. Messenger RNA levels for these 

differentiation markers were normalized against GAPDH mRNA. 
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Transient transfections 

For siRNA transfections, Caco-2 cells (10
6 

cells per 6 cm
2 

dish) were transiently 

transfected in suspension using Lipofectamine 2000 as recommended by the manufacturer. 

Preconfluent cells were transfected with non-specific negative control siRNA (NS siRNA) or 

GSTA1-specific siRNA. The sequences of GSTA1 siRNA were 20:  5’ 

AAGACUGGAGUCAAGCUCCUCGACG and 3’ CGUCGAGGAGCUUGACUCCAGUCUU, 

GSTA1 siRNA 19: 5’ AGUUCCACCAGAUGAAUGUCAGCCC and 3’ 

GGGCUGACAUUCAUCUGGUGGAACU and GSTA1 siRNA 18: 5’ 

UGGACAUACGGGCAGAAGGAGGAUC and 3’ GAUCCUCCUUCUGCCCGUAUGUCCA. 

Transfections were performed in Opti-MEM using a final concentration of 40 nM of siRNA for 

72 h. GSTA1 protein and enzymatic activity were assessed by western blotting and 5-androstene-

3,17-dione (AD) assay respectively to confirm GSTA1 specific silencing.  

A GSTA1 expression vector was constructed. Briefly, the cDNA for GSTA1 was cloned in 

pcDNA 3.1/V5-His TOPO using primers 5’ AAACCTGAAAATCTTCCTTGCTTCTT and 3’ 

GAAACCTCCAGGAGACTGCTA. Plasmid inserts were confirmed by DNA sequence analysis 

at the University of Guelph, Laboratory Services Division. One µg/mL of GSTA1 pcDNA 

3.1/V5-His TOPO plasmid was used in all experiments. Empty vector (pcDNA 3.1) was used as 

a transfection control. Caco-2 cells (10
6 

cells per 6 cm
2 

dish) were transfected in suspension to 

over-express GSTA1 protein. Protein levels of GSTA1-V5 were assessed by immunoblotting 

procedures using mouse anti-V5 antibody to confirm over-expression. 
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GSTA1 activity assay   

Cells were harvested with 50 mM Tris HCl pH 8.0 and 0.1 mM EDTA followed by 

sonication on ice and centrifugation at 9000 g, 4°C for 20 min. GSTA1 activity (nmol/mg/min) 

was assessed using 10 mM AD as substrate (dissolved in 100 % methanol) in the presence of 50 

mM glutathione-reduced (dissolved in 50 mM Tris pH 8) and 200 µg of protein at 248 nm at 

30°C [40,46]. All the reagents were prepared fresh and kept on ice.  

 

 Alkaline phosphatase (AlkP) activity assay 

To determine AlkP activity, cells were harvested in PBS and whole cell lysates (400 µg of 

protein) were used in the reaction mixture. AlkP activity (µmol/mg/min) was determined using 

para-nitrophenyl phosphate as substrate as previously described [41,192]. The alkaline 

phosphatase activity in each sample was calculated from a para-nitrophenol standard curve.  

 

Cytotoxicity assay 

Cytotoxicity was determined by lactate dehydrogenase (LDH) release using a CytoTox-

ONE™ kit (Promega) according to the manufacturer’s protocol. Caco-2 cells (15,000 cells per 

well) were plated in 96-well clear bottom black plates. Cells were treated with NaB (1 mM and 

10 mM) for 24 h to 72 h. LDH release was measured at 544/590 nm using a FluoStar OPTIMA 

fluorimeter (BMG Labtech). Percent cytotoxicity was calculated by subtracting the background 

and dividing the LDH release from control wells as recommended by the manufacturer. 
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MTS assay 

Cellular proliferation was determined using a CellTiter 96 Aqueous Non-Radioactive Cell 

Proliferation Assay MTS kit (Promega) according to the manufacturer’s instruction. Caco-2 cells 

(15,000 cells per well) were plated in 96-well plates. 20 µl of the MTS reagent was added to 

each well containing 100 µl culture medium. The plate was incubated for 2 h at 37°C in a 

humidified, 5% CO2 atmosphere. The plate was then read at 490 nm using a plate reader.  

 

BrdU Incorporation  

Cell proliferation was assessed by determining BrdU incorporation using the 5-bromo-2-

deoxyuridine (BrdU) chemiluminescent enzyme-linked immunosorbant assay (ELISA) kit 

(Roche). Caco-2 cells were incubated with a 10 µM BrdU solution for 2 hours at 37°C, then 

fixed and denatured and incubated with a peroxidase-conjugated antibody against BrdU (1:100) 

for 1 hour at room temperature. The cells were then incubated with the hydrogen peroxide 

substrate solution and fluorescence was read at 460 nm using a Fluostar OPTIMA fluorimeter 

(BMG Labtech).       

                                            

Flow cytometry  

Caco-2 cells (10
6 

cells per 6 cm
2 

dish) were plated for the assay, and flow cytometry 

analysis was done as described previously [42,193]. Before harvesting, the cells were washed 

twice with 1×PBS, followed by centrifugation at 6000 ×g for 10 min. The pellet was resuspended 

with 70% ethanol for 30 min at 4°C. Cells were again centrifuged at 6000 × g for 10 min and 

were incubated with the DNA-binding dye propidium iodide (PI) solution (containing 0.1% 

sodium citrate, 0.1% Triton X-100, and 50 mg/L PI in water) for 1 hour at room temperature. 
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Cells were then analyzed using a FACS (Fluorescence-activated cell sorting) caliber flow 

cytometer (BD FACSCalibur, Becton, Dickinson and Company Biosciences, San José, USA). 

 

Assessment of GSTA1-JNK complexes  

GSTA1-JNK complexes were detected from cells using c-Jun fusion protein beads from 

the SAPK/JNK Kinase assay kit (Cell Signaling Technologies Inc.). Sample protein (350 µg) 

was incubated with 10 µl of c-Jun fusion protein beads with gentle rocking overnight at 4°C to 

pull-down JNK. Samples were centrifuged at 14000 × g for 2 min at 4
◦
C. The pellet was washed 

4 times with lysis buffer and the immunoprecipitates were resuspended with 3X SDS buffer 

containing 150 mM DTT. Samples were boiled at 95
◦
C

 
for 5 minutes to denature the proteins and 

subject to SDS-PAGE. 

  

SDS-PAGE and Western blot analysis  

Caspase-3, p-JNK and GSTA1 and GSTP1 expression were assessed by western blot 

analysis. Cells were harvested with lysis buffer and stored at -80
◦
C. The cell extracts were then 

thawed and sonicated on ice for 10 minutes and centrifuged at 9000 × g for 20 min at 4
◦
C. 

Protein was quantified by the Bradford assay using BSA as a standard. Protein (30 µg) was 

separated by 12 % SDS/PAGE and transferred to nitrocellulose membranes that were blocked in 

5% milk in Tris-buffered saline with 0.1% Tween (TBS/T) and incubated overnight with either 

rabbit monoclonal anti-Caspase-3 (1:1000) antibody; rabbit polyclonal anti-GSTA1 (1:5000) 

antibody: rabbit polyclonal anti-GSTP1 antibody (1:500); or rabbit monoclonal anti p-JNK 

(1:1000) antibody. After 1 h of incubation with a horseradish peroxidase-conjugated anti-rabbit 
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antibody, bands were detected by chemiluminescence (ECL Plus) and visualized using a 

Typhoon 9410 scanner (GE Health Care). The densitometric analysis of protein was determined 

using Image J (NIH software). β-actin was detected as a protein loading control.  

 

Statistical analysis  

One-way ANOVA and two-way ANOVA test were used to assess statistically significant 

differences among treatment groups for the analysis of single variance and multiple variances 

respectively. For single variance, the Tukey’s least significant test was used for comparison and 

for multiple variances Bonferroni’s hoc test was applied. Significance was established at p values 

<0.05. If inhomogeneity of variance was found in the raw data (Brartlett's test; p<0.05), this was 

corrected before ANOVA by log transformation. 
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RESULTS 

 

2.1. GSTA1 levels increase in differentiating Caco-2 cells 

Caco-2 cells in culture progressively undergo spontaneous enterocytic differentiation with 

increasing days of postconfluency. We have previously shown that GSTA1 protein expression 

increases with confluency in Caco-2 cells [14]. To investigate the relationship between GST 

expression and Caco-2 cell differentiation we compared GSTA1 and GSTP1 protein levels in 

preconfluent and postconfluent Caco-2 cells. While GSTA1 protein levels significantly increased 

in 10 d postconfluent cells, GSTP1 expression did not change (Figure 9A). Moreover, GSTA1 

activity increased 6.1-fold (p<0.001) from 13.8 nmol/mg/min in preconfluent cells to 84.1 

nmol/mg/min in 10 d postconfluent cells (p< 0.001) (Figure 9B).  

We verified that specific genes associated with cellular differentiation were 

transcriptionally up-regulated by examining the mRNA transcript levels of various 

differentiation markers. The mRNA levels of alkaline phosphatase (AlkP), villin, dipeptidyl 

peptidase-4 (DPP-4) and E-cadherin (E-cad) in preconfluent and 10 d postconfluent Caco-2 cells 

were assessed by real time RT-PCR (Figure 9C). Transcripts of AlkP, villin, DDP-4 and E-cad 

significantly increased by 3.9- (p<0.001), 3.1- (p<0.001), 3.1- (p<0.001) and 2.7- (p<0.01) fold, 

respectively, in postconfluent cells (Figure 9C). Moreover, a five-fold change in AlkP activity 

from 1.2 µmol/mg/min in preconfluent cells to 6.0 µmol/mg/min in 10 d postconfluent cells was 

observed (p<0.05) (Figure 9D). 
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Figure 9
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Figure 9. GSTA1 levels increase in differentiating Caco-2 cells. ure 10 

Preconfluent and 10 d postconfluent Caco-2 cells were assessed for: (A) protein expression of 

GSTA1 (~25KDa) and GSTP1 (~26KDa). β-actin was used as a protein loading control; (B) 

GSTA1 enzyme activity (nmol/mg/min); (C) mRNA levels of differentiation markers: AlkP, 

villin, DPP-4 and E-cad by real time RT-PCR; and (D) AlkP enzyme activity (µmol/mg/min). 

Values represent the mean ± S.E. of three independent experiments with three replicates each. 

Bars indicated by different letters differ significantly from one another (p≤0.001). 
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2.2. Modulation of GSTA1 levels alters proliferation of Caco-2 cells 

Since GSTA1 levels progressively increase with confluency in differentiating Caco-2 cells, 

we investigated the relationship between GSTA1 and cellular proliferation. For this purpose, we 

transiently modulated GSTA1 expression levels in preconfluent cells and confirmed GSTA1 

down-regulation or over-expression by western blot analysis and enzyme activity (Figure 10 and 

Table 1). Preconfluent cells were transiently transfected with GSTA1 siRNA and non-specific 

negative control (NS) siRNA for 72 h to down-regulate GSTA1 (Figure 10A). The protein levels 

significantly decreased by 68% (p<0.001) in GSTA1 siRNA-transfected cells as compared to 

controls (Figure 10A and Table 1). Preconfluent cells were transiently transfected with a 

GSTA1-V5 expression plasmid and empty vector (EV) for 48 h to overexpress GSTA1. Western 

blot analysis of transfected cells using an anti-V5 antibody confirmed that expression of GSTA1-

V5 occurred only in GSTA1-V5-transfected cells and was absent in EV-transfected cells (Figure 

10B). In cells transiently transfected with GSTA1-V5, total GSTA1 activity increased 3.5-fold 

(p<0.001) from 2.8 nmol/mg/min in cells transfected with EV to 9.9 nmol/mg/min (Table 1).  
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Figure 10. GSTA1 levels can be modulated in preconfluent Caco-2 cells.  

(A) Representative western blot of GSTA1 (~25 KDa) protein expression in preconfluent Caco-2 

cells that were transiently transfected with 40 nM of GSTA1 siRNA or non-specific (NS) siRNA 

for 72 h. (B) Representative western blot of V5 (~26 KDa) protein expression in preconfluent 

Caco-2 cells that were transiently transfected with one µg of GSTA1-V5 or empty vector (EV) 

for 48 h. β-actin (~42 KDa) was used as a protein loading control in all panels. 
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Table1. Relative abundance and activity of GSTA1 in transiently transfected Caco-2 cells 

 

 

 

 

 

 

 

Table 1 

*Each value represents the mean ± S.E of three independent experiments with three replicates 

each. ND, not detected. Values with different letters are significantly different from each other. 

 

   

  GSTA1 protein levels* 

GSTA1 activity* 

(nmol/mg/min) 

GSTA1 silencing     

  GSTA1 siRNA 0.31 ± 0.02 
b
 2.10 ± 0.16 

b
 

  NS siRNA 1 ± 0.12
 a
 4.50  ± 0.31 

a
 

GSTA1 overexpression 

 

  

  GSTA1-V5 1.20  ± 0.05 
b
 9.90  ± 0.42 

b
 

  empty vector ND 2.80  ± 0.93 
a 
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To examine the effect of GSTA1 knockdown or over-expression on cellular proliferation, a 

MTS assay was performed for up to 72 h (Figure 11A and B). GSTA1 knockdown significantly 

increased cell proliferation at 24 (p<0.05), 48 (p<0.01) and 72 h (p<0.01) as compared to 

controls (Fig 11A). In Caco-2 cells overexpressing GSTA1, a significant decrease in 

proliferation at 48 h (p<0.05) and 72 h (p<0.01) was observed when compared to controls (Fig 

11B). Similar results were obtained when cells were labeled using bromodeoxyuridine (BrdU). 

BrdU incorporation decreased significantly to 54% of control levels in cells overexpressing 

GSTA1 (Figure 11C). No significant increase in cytotoxicity was observed due to transfections 

in GSTA1 knock-down or overexpressed Caco-2 cells (data not shown).   
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Figure 12 
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Figure 11. Modulation of GSTA1 levels mediate changes in Caco-2 cell growth. 

Effect of (A) GSTA1 down-regulation and (B) GSTA1-V5 overexpression on Caco-2 cell 

viability evaluated by MTS assay over three days. Asterisks depict significant differences 

between controls and the cells with GSTA1 modulated levels (*, p≤ 0.05; and **, p≤ 0.01). (C) 

Effect of GSTA1-V5 over-expression on cellular proliferation at 72 h as determined by BrdU 

incorporation in Caco-2 cells. Bars indicated by different letters differ significantly from one 

another (p≤0.001). Values represent the mean ± S.E. of four independent experiments with three 

replicates each. 
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2.3 GSTA1 down-regulation affects cell cycle progression 

We analysed the changes of cell cycle phase distribution in GSTA1 down-regulated Caco-

2 cells. Forty-eight hours after transfection with GSTA1 siRNA, FACS analysis was performed 

to assess the influence of GSTA1 knockdown on cell cycle progression. While Caco-2 cells 

transfected with non-specific siRNA had a cell cycle distribution identical to untransfected 

control cells (Fig 12A), the distribution of cell cycle phases was significantly altered in cells in 

which GSTA1 was knocked down. Fifty-five percent of cells transfected with GSTA1 siRNA 

were in G1 phase of the cell cycle compared 68% in controls and cells transfected with non-

specific siRNA (p<0.05) (Figure 12A and 12B). In addition, over 42% of the cells accumulate in 

the S phase of the cell cycle with GSTA1 knockdown (p<0.01) compared to 24% in controls and 

cells transfected with non-specific siRNA (Figure 12B).  
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Figure 12
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Figure 12.  GSTA1 down-regulation increases the percentage of Caco-2 cells in the S phase.  

(A) Changes of cell cycle phase distribution in GSTA1 down-regulated Caco-2 cells as 

compared to controls. (B) Graphic representation of percent of cells in G1, S and G2 phase of 

cell cycle in non-transfected control, GSTA1 siRNA and NS siRNA transfected Caco-2 cells. 

Asterisks depict significant differences between control and GSTA1 down-regulated cells (*, p≤ 

0.05; and **, p≤ 0.01). 
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2.4. GSTA1 activity is altered with NaB-mediated changes in cell cycle phase  

Since GSTA1 modulation affected cellular proliferation and induced changes in cell cycle 

phase distribution, we further investigated the relationship between GSTA1 expression and 

transition through various cellular states in cells treated with NaB. Two concentrations of NaB 

that are known to cause either cellular differentiation (1 mM) or apoptosis (10 mM) were used. 

To determine the effect of NaB on cellular proliferation, a MTS assay was performed on 

preconfluent Caco-2 cells treated with NaB (1 and 10 mM) for up to 96 h (Figure 13A). A 

concentration of 1 mM NaB caused a significant decrease in proliferation at 48 h (p<0.05) and at 

96 h (p<0.001) compared to controls. A concentration of 10 mM NaB caused a greater reduction 

in cellular proliferation at 48, 72 and 96 h (p<0.001) compared to controls. We confirmed that 

reduction in proliferation by 1 mM NaB did not result in cytotoxicity whereas 10 mM NaB  

caused a significant increase in cytotoxicity in preconfluent cells (49.4%, p<0.001) and not in 

postconfluent cells (Fig 13B). 

In preconfluent Caco-2 cells treated with 1 mM NaB for 72 h, cellular differentiation was 

demonstrated by progressive increases in AlkP activity of 2.9-fold at 48 h (p<0.01) and 4.4-fold 

at 72 h (p<0.001) (Figure 13C).  No significant changes in AlkP activity were observed in 

untreated cells.  

NaB differentially affected GSTA1 activity in Caco-2 cells treated with 1 or 10 mM NaB 

over a 72 h period  (Figure 13D). While GSTA1 activity significantly increased by 2.2-fold at 72 

h in untreated control cells, a much greater progressive increase in GSTA1 activity (4.4-fold) 

occurred with 1 mM NaB treatment reaching a maximum activity of 21.9 nmol/mg/min at 72 h, 
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(p<0.001). Conversely, at 72 h GSTA1 activity decreased from 5.2 nmol/mg/min in control cells 

to 2.7 nmol/mg/min with NaB (10 mM) treatment.  
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Figure 13. Distinct doses of NaB differently affect cell proliferation and AlkP and GSTA1 

enzyme activities.  

Preconfluent Caco-2 cells were treated with NaB (1 mM and 10 mM) in serum-free media. (A) 

Cellular proliferation was assessed from 24-96 h. Asterisks depict significant differences 

between control and NaB treatments (*, p≤ 0.05; **, p≤ 0.01 and ***, p≤ 0.001). (B) 

Cytotoxicity was determined in preconfluent and postconfluent Caco-2 cells treated with 1 mM 

and 10 mM NaB at 48 h. Cytotoxicity measured LDH release and presented as % cytotoxicity. 

(C) AlkP activity (µmol/mg/min) and (D) GSTA1 activity (nmol/mg/min) was determined. 

Values represent the mean ± S.E. of three independent experiments with six replicates each. Bars 

indicated by different letters differ significantly from one another (p≤0.001). 
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2.5. Modulation of GSTA1 does not affect sodium butyrate-induced differentiation  

The data thus far demonstrates that a low concentration of NaB (1mM) induces 

differentiation, reduces cellular proliferation, and increases GSTA1 activity. To investigate 

whether GSTA1 plays a direct role in NaB-induced differentiation, endogenous GSTA1 was 

either knocked down or over-expressed in preconfluent Caco-2 cells. GSTA1 activity was 

determined in GSTA1-down-regulated cells with and without NaB (1 mM) treatment (Figure 

14A). NaB (1 mM) significantly increased GSTA1 activity at 72 h by 1.4-fold (p<0.05) in 

control cells. In cells transfected with GSTA1 siRNA, a 78 % (p<0.001) and 63 % (p<0.001) 

decrease in GSTA1 activity was observed with and without NaB (1mM) treatment respectively 

as compared to cells transfected with non-specific (NS) siRNA. NaB did not alter GSTA1 

activity in cells transfected with GSTA1 siRNA and non-specific siRNA (Figure 14A).  

AlkP activity was assessed in cells with GSTA1 knocked down with and without NaB 

treatment to determine the effect of GSTA1 knock-down on cellular differentiation (Figure 14B). 

As expected, NaB caused a significant increase in AlkP activity from 2.4 µmol/mg/min to 4.0 

µmol/mg/min (1.7-fold; p<0.001), 3.7 µmol/mg/min (1.4-fold; p<0.01) in nontransfected control 

cells and NS siRNA transfected cells treated with NaB (1mM) respectively. However, AlkP 

activity in NaB-treated cells transfected with GSTA1 siRNA was not significantly different from 

controls. 

To determine the effect of GSTA1 over-expression on differentiation, AlkP activity was 

determined in preconfluent Caco-2 cells transfected with the GSTA1-V5 expression plasmid 

(Figure 14C). NaB caused a greater than 4-fold increase (p<0.001) in AlkP activity in all cells 
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indicating that NaB-mediated increases in AlkP activity were independent of the level of 

GSTA1.  



 

90 

 

Figure 14
A

C

B

Control GSTA1 siRNA NS siRNA 
0

1

2

3

4

5
Control

NaB (1mM)

a

b

a a

b

ab

A
lk

P
 a

c
ti

vi
ty

 (


m
o

l\
m

g
\m

in
)

A
lk

P
a

c
ti
v
it
y
 (

µ
m

o
l/
m

g
/m

in
)

Control GSTA1 siRNA NS siRNA 
0

2

4

6

8

10

Control

NaB (1mM)
a

c

b
b

a

a
G

S
T

A
1

 a
c

ti
vi

ty
 (

n
m

o
l/

m
g

/m
in

)

Control GSTA1-V5 EV
0

1

2

3

4

5

Control

NaB (1mM)

a

b
b

b

a a

A
lk

P
 a

c
ti

vi
ty

 (


m
o

l\
m

g
\m

in
)

A
lk

P
a

c
ti
v
it
y
 (

µ
m

o
l/
m

g
/m

in
)

 



 

91 

 

Figure 15 

 

 

 

 

 

 

 

Figure 14.  Modulation of GSTA1 does not affect NaB-induced differentiation.  

Preconfluent Caco-2 cells were transiently transfected with 40 nM of GSTA1 siRNA or negative 

control (NS) siRNA and after 72 h, cells were treated with 1 mM NaB for 72 h; (A) GSTA1 

activity (nmol/mg/min) was determined in GSTA1 down-regulated cells. (B) AlkP activity 

(µmol/mg/min) was measured to determine the effect of GSTA1 down-regulation on NaB-

induced differentiation. Asterisks depict significant differences between treated and untreated 

bars in that specific group. (C) Preconfluent Caco-2 cells were transiently transfected with one 

µg of either GSTA1-V5 or empty vector (EV) for 48 h and were treated with 1mM NaB for 48 h. 

AlkP activity (µmol/mg/min) was measured to determine the effect of GSTA1 over-expression 

on NaB-induced differentiation. Bars indicated by different letters differ significantly from one 

another (p≤0.001). Values represent the mean ± S.E. of three independent experiments with six 

replicates each. 
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2.6. Modulation of GSTA1 does not affect sodium butyrate-induced apoptosis 

 To investigate the possibility that GSTA1 down-regulation is required to increase the 

sensitivity of Caco-2 cells to apoptosis induced by 10 mM NaB, endogenous GSTA1 was 

transiently knocked down in preconfluent Caco-2 cells using siRNA technology. Endogenous 

GSTA1 protein levels significantly decreased by 65% (p<0.001) following transfection with 

GSTA1 specific-siRNA compared to transfection with non-specific siRNA (Figure 15A and B). 

Apoptosis was assessed by caspase-3 activation in GSTA1 down-regulated cells treated with 10 

mM NaB. Immunoblot analysis shows that NaB (10 mM) resulted in increases of caspase-3 

activity of 10.1, 9.9- and 7.3-fold in control cells and those transfected with GSTA1 siRNA and 

NS siRNA respectively (p<0.001). There was no significant difference in caspase-3 activation in 

NaB-treated controls and transfected cells (Figure 15A and C).  

We also assessed caspase-3 activation in GSTA1 over-expressing cells treated with NaB 

(10 mM). Immunoblot analysis shows that caspase-3 activation occurred in all cells treated with 

NaB (10 mM). NaB-mediated increases in caspase-3 activation were approximately 13.9-, 9.1- 

and 11.1-fold in control cells and those transfected with GSTA1-V5 and the empty vector 

respectively (p<0.001). There was no significant difference in the degree of caspase-3 activation 

in NaB-treated GSTA1-V5 and empty vector transfected cells (Figure 16A and B).     
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Figure 16 

 

 

 

 

 

 

 

Figure 15. GSTA1 down-regulation does not affect the sensitivity of Caco-2 cells to NaB-

induced apoptosis.  

(A) Representative western blots of GSTA1 (~25KDa), endogenous caspase-3 (~35KDa), 

activated caspase-3 (~19KDa and 17KDa) in Caco-2 cells. Preconfluent Caco-2 cells were 

transiently transfected with 40 nM of GSTA1 siRNA or negative control siRNA for 72 h and 

treated with NaB (10 mM) for 48 h. β-actin (~42 KDa) was used as a protein loading control. 

Densitometric analysis of (B) GSTA1 levels and (C) caspase-3 activation in GSTA1 down-

regulated cells with and without NaB (10 mM) treatment. Values represent the mean ± S.E of 

three independent experiments with three replicates each. Bars indicated by different letters 

differ significantly from one another (p≤0.05). 
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Figure 17 
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Figure  16. GSTA1 over-expression does not interfere with NaB-induced apoptosis. 

 (A) Representative western blots of V5 (~26 KDa), endogenous caspase-3 (~35 KDa) and 

activated caspase-3 (~19 KDa and 17 KDa) in Caco-2 cells. Preconfluent Caco-2 cells were 

transiently transfected with one µg of either GSTA1-V5 or empty vector (EV) for 48 h and 

treated with NaB (10 mM) for 48 h. β-actin (~42 KDa) was used as a protein loading control. (B) 

Densitometric analysis of caspase-3 activation in GSTA1 over-expressed cells with and without 

NaB (10 mM) treatment. Values represent the mean ± S.E of three independent experiments. 

Bars indicated by different letters differ significantly from one another (p≤0.001). 
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2.7. NaB (10 mM) causes GSTA1-JNK complex dissociation without activating JNK in Caco-2 

cells 

We hypothesized that apoptosis caused by 10 mM NaB is also associated with 

dissociation of GSTA1-JNK complexes. The effect of NaB (10 mM) on GSTA1-JNK complex 

integrity was determined in cells in which GSTA1 was knocked down by siRNA as well as in 

control cells and in cells transfected with scrambled siRNA (Figure 17A). GSTA1-JNK 

complexes were pulled-down using c-Jun fusion protein beads and GSTA1 levels were 

determined by western blot analysis. Knock-down of GSTA1 reduced levels of GSTA1 proteins 

in complexes by approximately 75%. NaB (10 mM) caused dissociation of the GSTA1-JNK 

complexes at 72 h in control and transfected cells (Figure 17A). There was no difference in the 

level of GSTP1 protein complexed with JNK in NaB-treated and untreated controls. While there 

was no difference in JNK activation in NaB-treated and untreated controls, phosphorylated p38 

levels increased following treatment with 10 mM NaB (Figure 17B).  
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Figure 18 
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Figure 17. NaB (10 mM) causes GSTA1-JNK complex dissociation without activating JNK 

in Caco-2 cells. 

 (A) Representative western blot of GSTA1 (~25 KDa) and GST Pi (~26 KDa) protein levels in 

GSTA1-JNK complexes. Cells were transiently transfected with GSTA1 siRNA and negative 

control siRNA for 72 h and treated with 10 mM NaB. GSTA1-JNK complexes were then pulled-

down from cell lysates using c-Jun fusion beads. (B) Representative western blot of 

phosphorylated JNK (~54 KDa and 46 KDa) and phosphorylated p38 (~43 KDa) protein 

expression in preconfluent Caco-2 cells with the treatment of 10 mM NaB. β-actin (~42 KDa) 

was used as a protein loading control. 
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DISCUSSION 

 

The objective of this study was to determine if GSTA1 plays a direct role in modulating 

cellular proliferation, differentiation and apoptosis in Caco-2 cells. In view of the role of GSTA1 

in controlling cellular stress signaling via JNK inhibition [14], we postulated that expression of 

GSTA1 may modulate transitioning through various cellular states. We investigated this concept 

by examining the influence of direct manipulation of GSTA1 expression (i.e. knock-down and 

over-expression) in modulating NaB-mediated transitioning through proliferation to 

differentiation to apoptosis. We also examined GSTA1 expression in Caco-2 cells following 

exposure to different concentrations of NaB, a short chain fatty acid, that induces differentiation 

and apoptosis in colon cancer cell lines [126,156]. A clearer understanding of the role of GSTA1 

expression in modulation of transitioning between cellular states has important implications in 

diseases such as cancer in which there is an imbalance in cellular proliferation, differentiation 

and apoptosis. 

Our results indicate that GSTA1 expression influences the proliferative status of Caco-2 

cells, such that low GSTA1 expression provides cellular conditions that are conducive to 

enhanced proliferation. The evidence is as follows: i) GSTA1 expression in preconfluent cells is 

low compared to the higher levels observed in differentiated postconfluent cells, ii) NaB at a 

concentration of 1 mM increases GSTA1 activity, suppresses Caco-2 cell proliferation in MTS 

assays and induces a differentiated phenotype, iii) overexpression of GSTA1 suppresses 

proliferation in Caco-2 cells transfected with a GSTA1 pcDNA 3.1/V5-His TOPO vector, iv) 

suppression of GSTA1 expression in Caco-2 cells transfected with GSTA1 siRNA increases the 

percentage of cells in S phase as determined by flow cytometry as well as the overall 
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proliferative rate in MTS assays. Previous studies have shown that GSTA1 over-expression in 

cell lines with no detectable GSTA1 levels such as the human retinal pigment epithelial (RPE) 

cells and human lung cancer (H69) cells does not affect growth rate [161,182]. However, in both 

studies data was not presented to support the claim that overexpression of hGSTA1-1 did not 

alter growth kinetics and details regarding the timeframe over which cell growth was assessed 

was not clearly indicated. In the current study, the most profound reduction in cell growth due to 

GSTA1 overexpression was observed at 72 h suggesting that the assessment of GSTA1-1 effects 

on the proliferation of RPE and H69 cells may have occurred too early. Other studies have 

shown both in vivo and in vitro that GSTP1 influences cellular proliferation [28,115,183]. 

Ruscoe et al., (2001) demonstrated that mouse embryo fibroblasts, isolated from GSTP1-1 

knock-down mice (GSTPi 
-/-

), doubled at a faster rate compared to the cells from GSTPi 
+/+

 wild-

type mice. Their results indicated a mechanism involving GSTP1-1-mediated control of cellular 

mitogenic pathways including signalling kinases JNK1 and ERK1/ERK2 that influence 

proliferation [115]. Another study demonstrated differential effects of GSTP1 on cell 

proliferation dependent on haplotype with GSTP1*A reducing cellular proliferation and GSTP1* 

C allele having no effect in NIH3T3 fibroblasts [28]. However in contrast, Hokaiwado (2008) 

demonstrated that GSTP1 knock down using siRNA resulted in significant decrease in 

proliferation rate of human prostate cancer PC3 cells [183]. While the influence of GSTP1 on 

Caco-2 cell proliferation was not directly examined in the current study the results clearly 

demonstrate that GSTP1 expression does not change in differentiating Caco-2 cells in which 

GSTA1 is knocked down or following NaB treatment. This suggests that the influence of 

different GST isozymes on cellular proliferation may be cell line-dependent. 
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Postconfluent Caco-2 cells differentiate and acquire a mature phenotype with increased 

expression of alkaline phosphatase, villin, E-cadherin and dipeptidyl peptidase-4 [ 127, 184]. 

More relevant to our study is the marked up-regulation of GSTA1 expression during 

differentiation of postconfluent Caco-2 cells [14,156,185]. This appears to be unique to GSTA1 

as the expression of various other GST isoforms (i.e. GSTA2, GSTA4 GSTM2, GSTM3, 

GSTM4, GSTO1, GSTP1-1, GSTT2 and GSTZ1) that are constitutively expressed in Caco-2 

cells does not change [24,156,157]. Because of this unique upregulation of GSTA1 with 

increased confluency, we speculated that a causal relationship might exist between expression of 

this isoenzyme and differentiation of Caco-2 cells. Moreover, the finding that NaB induces 

GSTA1 at a concentration (1 mM) that suppresses proliferation and promotes Caco-2 cell 

differentiation, also suggests an association of GSTA1 with a differentiated phenotype. However, 

our overexpression and knockdown experiments designed to directly assess a causal relationship 

did not support the hypothesis that GSTA1 expression at high levels was a requisite condition for 

cellular differentiation. Previous studies have shown that 1 mM NaB induces AlkP activity, and 

hence differentiation, in both Caco-2 and HT-29 cells [126]. Others have demonstrated that NaB 

induced total GST activity in HT-29 cells including the isoforms GSTA1/2, GSTM2 and GSTP1 

[160]. It is possible that GSTA1 induction may occur as a cytoprotective response to increased 

oxidative stress. For example, previous studies have shown that GSTA1-1 overexpression 

attenuates H2O2-induced oxidative stress and protects RPE cells and H69 cells against the 

associated cytotoxicity likely by attenuating lipid peroxidation  [23, 161].                                                                                                          

Interestingly, different concentrations of NaB also had differential effects on GSTA1 

expression in Caco-2 cells. As mentioned above, while 1 mM NaB induces differentiation and 

increases GSTA1 activity, 10 mM NaB decreases GSTA1 activity, activates caspase-3 activity 
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and causes a complete cessation of proliferation as observed by MTS assays. We directly 

examined the role of GSTA1 in NaB-mediated apoptosis using the same approach of over-

expressing and knocking down GSTA1 in preconfluent Caco-2 cells using GSTA1-V5 

overexpression and siRNA technology respectively. Our data indicate that direct modulation of 

GSTA1 expression does not alter NaB-induced apoptosis in Caco-2 cells. However, Louis et al., 

(2004) demonstrated in breast cancer MCF-7 cells that NaB-induced apoptosis was associated 

with a pronounced depletion of intracellular glutathione levels and induction of antioxidant 

enzymes including glutathione reductase, glutathione peroxidase and catalase [186]. We were 

unable to demonstrate a change in intracellular glutathione levels in Caco-2 cells following NaB-

induced apoptosis (data not shown) suggesting that the effects observed above may be cell line-

specific.  

We have previously demonstrated that GSTA1 forms complexes with JNK in Caco-2 cells 

and that over-expression of GSTA1 increases resistance to complex dissociation and oxidative 

stress-induced apoptosis [14]. Our current results show that GSTA1 down-regulation reduces the 

degree of GSTA1-JNK complex formation and that 10 mM NaB causes these complexes to 

dissociate. However, the relevance of these results is minimized in view of the fact that 10 mM 

NaB did not increase phosphorylation of JNK irrespective of the degree of GSTA1-JNK 

complex formation. Some GST isoforms are associated with signaling kinases and control cell 

proliferation and cell death by modulating the MAPK pathway and GST-specific inhibitors 

activate JNK and induce apoptosis [12,14,187,-189]. Moreover, JNK is a key regulator in the 

pathway of programmed cell death [190].  Since we observed decreased GSTA1 activity and 

induction of apoptosis with NaB treatment, JNK activation was expected. NaB triggers apoptosis 

by activating the JNK/AP1 pathway and eventually transcriptional stimulation of Bax in human 
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DiFi and FET colorectal carcinoma cells [191]. Nonetheless, we did not observe JNK activation 

with NaB-induced apoptosis in Caco-2 cells.  Others have shown that treatment of Caco-2 and 

HT-29 cells with NaB increases p38 kinase activity which subsequently stimulates apoptotic 

pathways suggesting that other stress kinase pathways may be involved [126,145]. This is 

supported by our finding that 10 mM NaB increases p38 phosphorylation in Caco-2 cells. 

  The findings of this study elucidate the role of GSTA1 in cellular proliferation and NaB-

induced differentiation and apoptosis. The results provide support for the hypothesis that low 

levels of GSTA1 are a requisite condition for Caco-2 cells to proliferate. While levels of GSTA1 

are differentially modified by concentrations of NaB that stimulate cellular differentiation, or 

apoptosis, direct modulation of GSTA1 levels does not alter transitioning through these cellular 

states. The clinical implication of altering GSTA1 expression to control excessive cellular 

proliferation requires further investigation. 
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GENERAL DISCUSSION 

 

This thesis examines the role of GSTA1 in oxidative stress as well as in modulating 

transitioning between cellular states of proliferation, differentiation and apoptosis. GSTA1 an 

important isozyme has been demonstrated to be one of the causes of resistance to a number of 

anticancer drugs. Increased GSTA1 expression is observed in tumour cells, particularly in colon 

cancer cells [194-196] and results in altered drug metabolism that eventually leads to drug 

resistance [197]. Besides detoxification, GSTA1 plays an important role in signalling events by 

modulating stress cell signalling kinases in particular through inhibition of JNK activation 

[188,189]. JNK activation has been shown to be important in controlling different cellular 

functions such as cell proliferation, differentiation, and apoptosis [28]. JNK is activated by 

various environmental stresses, such as oxidative stress, heat shock, osmotic shock, UV rays, 

growth
 

factors, chemotherapeutic agents and pro-inflammatory cytokines such as tumour 

necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) [60,61]. ROS elicit many different 

responses depending upon the severity of the damage, the cell type, the magnitude of the dose, 

and the duration of the exposure [76]. Low doses of ROS activate JNK transiently thereby 

promoting cell proliferation. However, persistent JNK activation due to severe oxidative stress 

ultimately causes cell death via either apoptotic or necrotic mechanisms [74,75,77]. In the 

current thesis study, we have observed JNK activation as an important regulator of the pro-

apoptotic signalling pathway [190,191]. Since GSTA1 associates with JNK in complexes and 

inhibits its activation [13,14] the effect of modulations of GSTA1 levels on JNK activation and 

GSTA1-JNK complex integrity has been analysed. One of the objectives of this thesis project 

was to investigate the influence of GSTA1 on JNK activation and GSTA1-JNK complex 
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integrity during oxidative stress. Key characteristics of cancer cells are that they proliferate 

excessively and fail to undergo differentiation and cell death by apoptosis. In view of the 

increased expression of GSTA1 in some differentiating cancer cell lines, we hypothesized that 

GSTA1 may play a functional role in modulating cell cycle transition. Understanding the 

influence of GSTA1 on cellular responses to stress and conversion between cellular phases may 

help to inform strategies to improve chemotherapy by manipulating GSTA1-JNK complex 

integrity and induce differentiation and/or apoptosis in cancer cells.  

In the first chapter, we examined JNK activation using the pro-oxidant menadione in 

human colon adenocarcinoma Caco-2 cells. We observed that menadione induced JNK 

activation in both a dose- and time-dependent fashion in Caco-2 cells. JNK is activated within 30 

min of menadione exposure and reaches a maximum by 4 h. Lower doses of menadione activate 

JNK in preconfluent but not postconfluent cells, however, higher doses induce JNK activation 

irrespective of degree of cell confluency. Subsequently, time course experiments with 40 µM 

menadione demonstrate a significant increase in JNK activation in preconfluent cells however 

postconfluent cells show resistance to JNK activation. Higher dose of menadione (80 µM) is 

toxic to preconfluent cells however postconfluent cells are resistant to this dose of menadione. 

Therefore menadione induces dose- and time-dependent cytotoxicity depending on the 

confluency of cells. These findings are supported by previous studies from our laboratory in 

which increased GSTA1 levels in postconfluent Caco-2 cells were associated with increased 

complex formation with JNK and reduced JNK phosphorylation of c-Jun following exposure to 

the different pro-oxidants IL-1β, UV-light and H2O2 [14]. Numerous studies have demonstrated 

menadione-induced JNK activation and cytotoxicity in various rodent cell lines [198] and in 

primary rodent cells [8,199]. Moreover, the dose-dependent cytotoxicity of menadione has been 
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reported in the ARIP cell line with higher doses of menadione activating JNK as well as ERK 

signalling [90]. However, the present study specifically investigates the role of menadione in 

GSTA1-JNK complex dissociation and the influence of GSTA1 on complex dissociation during 

oxidative stress. GSTP1 also forms complexes with JNK [188,200] but GSTP1 levels in the 

complex do not change with menadione treatment, suggesting that increased levels of superoxide 

anion do not have the potential to alter the association of GSTP1 with JNK. While the direct 

inhibitory interactions between GSTP1 and JNK have been shown previously [13,27], our results 

indicate that GSTP1-JNK complex integrity is maintained following menadione treatment and 

therefore does not prevent JNK activation.  

The role of GSTA4-4 has been established in the detoxification of products of lipid 

peroxidation [19,41,45,162] and menadione is known to induce lipid peroxidation in many 

cancer cells [201-203]. However, our results demonstrate that menadione (40 µM) does not 

cause lipid peroxidation and does not alter GSTA4-4 levels in Caco-2 cells. These results are 

further supported by the inability of vitamin E to block menadione-induced JNK activation. 

Therefore our results suggest that rather than play a predominant detoxification role, the level of 

GSTA1 expression influences the degree of dissociation of GSTA1-JNK complexes in response 

to menadione-induced oxidative stress. This suggests that increased expression of GSTA1 in 

postconfluent cells may play an important cytoprotective role during oxidative stress in Caco-2 

cells.  

Our results illustrate that menadione-induced JNK activation is transient since removal of 

menadione from cells reduces phosphorylated JNK levels and allows the GSTA1-JNK complex 

to re-associate. This is supported by studies on cardiac myocytes using H2O2 which demonstrated 
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elevated levels of p-JNK with sustained treatment with a decline to basal level after transient 

stress [201]. However, our results are the first to demonstrate that GSTA1 and JNK can re-

associate resulting in return of JNK to an inactive state when the stimulus is removed.  

Our data demonstrates that 24 h of persistent menadione exposure is toxic to preconfluent 

cells however postconfluent cells are relatively resistant to toxicity of menadione treatment and 

transient menadione exposure causes a decrease in cytotoxicity in preconfluent cells. These 

results support the findings that postconfluent cells expressing increased levels of GSTA1 are 

resistant to JNK activation as demonstrated above. This suggests that GSTA1 may be playing a 

cytoprotective role in menadione-induced cytotoxicity. Hence, we examined GSTA1-JNK 

complex dissociation and complex formation by transiently altering the levels of GSTA1 in 

preconfluent cells using either siRNA technologies to down-regulate or GSTA1-V5 plasmid to 

over-express GSTA1. We observed that GSTA1 protein levels in GSTA1-JNK complexes 

decreased in cells with knocked-down GSTA1 suggesting that the overall levels of GSTA1 are 

important for complex formation. However, neither GSTA1 overexpression nor knock-down 

altered menadione-induced JNK activation, GSTA1-JNK complex dissociation or cytotoxicity. 

Hence activation of JNK by menadione is independent of GSTA1 levels in the cell. Therefore, in 

postconfluent cells involvement of other factors such as other proteins, intracellular tight 

junctions, or antioxidants for example GSH could prevent menadione-induced JNK activation 

and cytotoxicity. One could speculate that increased levels of GSTA1 in conjugation with GSH 

enhance drug metabolism or formation of cell-cell adhesions during differentiation to protect 

cells from the deleterious effects of oxidative stress. The evidence in support of this contention is 

discussed below.  
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Menadione induces reactive oxygen species (ROS) and the production of superoxide 

anions is the key element in causing JNK activation in different rodent cells/cell lines 

[94,99,106,173,204,205]. The results of these studies suggest that menadione-induced JNK 

activation depletes cellular glutathione levels. Our findings show that the thiol anti-oxidant NAC 

blocks menadione-induced JNK activation and prevents GSTA1-JNK complex dissociation by 

preventing depletion of GSH. Haddad (2001) has shown that NAC suppressed the production of 

ROS after menadione treatment, whereas buthionine sulfoximine, an irreversible inhibitor of 

GSH biosynthesis, induced intracellular ROS [206]. Therefore, this suggests that increased levels 

of intracellular GSH by NAC neutralizes menadione-induced reactive oxygen species and 

prevents JNK activation. It would be of interest to access the ratio of GSH/GSSG and detect the 

production of ROS in Caco-2 cells that have been treated with menadione as it would explain the 

role of GSH in detoxifying ROS following menadione treatment. Previous studies in various cell 

lines indicate that menadione depletes GSH in preconfluent cells [94,174]. Laux (2001) has 

shown that menadione-induced cytotoxicity can be reversed by NAC in Jurkat T cells [171]. 

Moreover, superoxide anion-induced apoptosis in HSC depends upon JNK activation as well as 

intracellular glutathione status [94]. However, our study clarifies the role of GSH in relation to 

JNK activation and GSTA1-JNK complex integrity. It is probable that GSH enhances GSTA1-

JNK complex integrity by detoxifying ROS [207,208].   

Our results demonstrate that menadione-induced cytotoxicity is independent of caspase-3 

activation (data not shown). Therefore it is necessary to further investigate the significance of 

JNK activation, GSTA1-JNK complex dissociation and the involvement of other components of 

the apoptotic pathway such as cytochrome C, p-53 or Bcl-2 family involvement in menadione-

induced cytotoxicity. This would be possible by transfecting the cell with the catalytically 
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inactive dominant-negative mutant of JNK or the use of a JNK inhibitor, such as SP600125 with 

and without menadione treatment.  

In the second chapter of this thesis, the role of GSTA1 in proliferation, differentiation and 

apoptosis was investigated. As explained above, colonic epithelial cells undergo changes in 

various cell cycle phases such as proliferation, differentiation and cell death (apoptosis). Human 

colonic epithelial cells in culture are useful in studying these cell phase transitions as they mimic 

the specific morphological and functional features that are found in mature colonocytes in the 

colonic epithelium [153,154]. 

GST isoforms including GSTA1, GSTA2, GSTA4, GSTM2, GSTM3, GSTM4, GSTO1, 

GSTP1, GSTT2 and GSTZ1 are constitutively expressed in Caco-2 cells [156]. However, among 

all these GST isoforms, GSTA1 expression is the highest and progressively increases in 

differentiating Caco-2 cells [209]. Our results indicate that GSTA1 expression along with 

differentiation markers (AlkP, villin, DDP-4 and E-cadherin) progressively increases with 

cellular confluency with a maximum increase at 14 d postconfluency. Therefore the main 

objective of this study was to determine if GSTA1 plays a direct role in modulating cellular 

proliferation, differentiation and apoptosis in Caco-2 cells. We investigated GSTA1 expression 

in Caco-2 cells following exposure to different concentrations of NaB, a short chain fatty acid, 

that induces differentiation and apoptosis in colon cancer cell lines [126,156]. We further 

examined the influence of manipulation of GSTA1 expression in modulating NaB-mediated cell 

cycle transitions, through proliferation to differentiation to apoptosis. Our results demonstrate 

that the level of GSTA1 expression influences the proliferative status of Caco-2 cells. 

Overexpression of GSTA1 in Caco-2 cells transfected with a GSTA1 pcDNA 3.1/V5-His TOPO 
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vector suppresses proliferation as assessed by BrdU incorporation. Moreover, suppression of 

GSTA1 expression in Caco-2 cells transfected with GSTA1 siRNA increases the cell 

proliferation rate as determined by an MTS assay and the percentage of cells in S phase by flow 

cytometry. We also demonstrate that NaB at a concentration of 1 mM suppresses Caco-2 cell 

proliferation in MTS assays and induces differentiation in preconfluent cells. Our data 

demonstrate that GSTA1 modulation influences proliferation without inducing cytotoxicity in the 

transfected cells.  

There are two other studies that have investigated the influence of GSTA1 on cellular 

proliferation. Liang (2005) demonstrated that GSTA1 over-expression in human retinal pigment 

epithelial (RPE) cells did not significantly alter the growth rate when compared to controls [161]. 

In another study, GSTA1 overexpression in human lung cancer (H69) cells did not significantly 

influence growth kinetics or morphology of the cells transfected with GSTA1 compared to 

empty vector transfected cells [23]. In both studies cells were stably transfected with GSTA1 and 

growth kinetics was not investigated in detail and data was notably lacking, Moreover Liang 

(2005) determined the growth rate at cellular confluency. In the current study, the most profound 

reduction in cell growth due to transient GSTA1 overexpression was observed at 72 h post-

transfection in preconfluent cells that were initially rapidly proliferating. 

A few studies have reported the involvement of other GST classes such as GSTP and 

GSTM, which differentially influence proliferation both in vivo and in vitro [28,115,183]. For 

example, Ruscoe et al., (2001) demonstrated that mouse embryo fibroblasts, isolated from 

GSTP1 knock-down mice (GSTP1 
-/-

), doubled at a faster rate compared to the cells from GSTP1 

+/+
 wild-type mice. These results indicated a mechanism involving GSTP1-mediated control of 
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cellular mitogenic pathways including signalling kinases JNK1 and ERK1/ERK2 that influence 

proliferation [115]. Holley (2007) has explained the role of GSTP in the regulation of cellular 

proliferation and apoptosis with JNK activation. This study demonstrates differential effects of 

GSTP1 on cell proliferation dependent on haplotype, such as GSTP1*A reducing cellular 

proliferation and GSTP1* C allele having no effect in NIH3T3 fibroblasts [28]. In contrast, 

Hokaiwado (2008) demonstrated that GSTP-knock down results in significant decrease in 

proliferation rate of human prostate cancer PC3 cell line and increases TUNEL-positive 

apoptotic cells [183]. Yang (2009) demonstrated the role of GSTM1 as a regulator of vascular 

smooth muscle cell (VSMC) proliferation, since knockdown of GSTM1 by siRNA resulted in 

increased proliferation of VSMCs [210]. While the exact mechanism by which GSTA1 

influences cell growth is not known, GSTP modulated cell proliferation is dependent on JNK1 

and ERK1/ERK2 activation [115]. The influence of GSTP1 on Caco-2 cell proliferation was not 

directly examined in the current study. The results clearly demonstrate that GSTP1 expression 

does not change in differentiating Caco-2 cells, with GSTA1 knock down or following NaB 

treatment. Finally, cell type-specific variations that exist between different cell lines may 

possibly explain the variable results. 

We speculated that a causal relationship exists between increasing GSTA1 expression and 

differentiation of Caco-2 cells. Several lines of evidence suggest that GSTA1 is associated with a 

differentiated phenotype. We showed that GSTA1 is induced with 1 mM NaB, a concentration 

that suppresses proliferation and promotes Caco-2 cell differentiation. This appears to be specific 

for GSTA1 as there was no change in the protein levels of GSTA4-4 or GSTP1 with NaB 

treatment. Previous studies have shown that NaB (1mM) inhibits proliferation of various cell 

lines [148,211] and induces AlkP activity, and total GST activity, in both Caco-2 and HT-29 
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cells [126,160]. Furthermore, there is an association between epithelial cell polarization and 

induction of GSTA1 expression during Caco-2 cell differentiation [212]. However, our GSTA1 

overexpression and knockdown experiments did not demonstrate a causal relationship between 

high levels of GSTA1 expression and cellular differentiation as manipulation of GSTA1 did not 

increase or decrease differentiation biomarker levels. 

In this study, we provide novel evidence that GSTA1 activity decreases with NaB (10 

mM)-induced apoptosis and a complete cessation of proliferation in MTS assays. The 

mechanism by which NaB reduces GSTA1 activity is unknown. We examined the role of 

GSTA1 in modulating NaB-mediated apoptosis using the same approach of over-expressing and 

down-regulating GSTA1 in preconfluent Caco-2 cells. Our data indicate that modulation of 

GSTA1 expression does not alter NaB-induced apoptosis in Caco-2 cells. Louis (2004) 

demonstrated in MCF-7 cells that NaB-induced apoptosis was associated with depletion of 

intracellular glutathione levels and induction of antioxidant enzymes including glutathione 

reductase, glutathione peroxidase and catalase [186,198]. However we observed that NaB did not 

deplete the levels of GSH in Caco-2 cells (data not shown). Several studies have demonstrated 

that NaB-induced apoptosis in undifferentiated Caco-2 cells [126,141,181,211,213-216], but this 

effect is significantly diminished when progressively differentiated cells are exposed to NaB 

[136,217]. 

GSTs isoforms are associated with signalling kinases and control cell proliferation and cell 

death by modulating MAPK pathway [126,189,198,218]. We have previously demonstrated that 

GSTA1 forms complexes with JNK in Caco-2 cells and that over-expression of GSTA1 

increases resistance to complex dissociation and oxidative stress-induced apoptosis [14,126]. In 
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view of the role of JNK, as a key regulator in the apoptotic pathway [190], and our observation 

of induction of apoptosis and a decrease in GSTA1 activity with NaB (10 mM) treatment, we 

expected that JNK activation and GSTA1-JNK complex dissociation would occur in Caco-2 

cells. NaB triggers apoptosis by activating the JNK /c-Jun pathway and eventually transcriptional 

stimulation of Bax in human DiFi and FET colorectal carcinoma cells [190]. Our results show 

that GSTA1 down-regulation reduces the degree of GSTA1-JNK complex formation and that 10 

mM NaB causes these complexes to dissociate. However 10 mM NaB did not increase JNK 

phosphorylation irrespective of the degree of GSTA1-JNK complex integrity. Our results 

demonstrate that NaB-mediated apoptosis involves the mechanisms that activates proapoptotic 

signalling kinases p38-MAPK. Others have also shown that treatment of Caco-2 cells with NaB 

does not alter p-JNK levels but increases p38 kinase activity thereby stimulating apoptotic 

pathways suggesting that other stress kinase pathways may be involved.  
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SUMMARY AND CONCLUSIONS  

 

This thesis study demonstrates the role of GSTA1 in cellular responses to cellular stress as 

well as in cell phase transitions from proliferation to differentiation to apoptosis. The results of 

this study indicate that menadione-induced JNK activation causes GSTA1-JNK complex 

dissociation and cell death in preconfluent Caco-2 cells. However, alteration of GSTA1 

expression does not affect menadione-mediated JNK activation, GSTA1-JNK complex integrity 

or cytotoxicity. Nonetheless, we provide evidence for a GSH-dependent mechanism in regulating 

menadione-induced JNK activation and GSTA1-JNK complex dissociation. The finding that 

NAC enhances GSTA1-JNK complex integrity in the presence of menadione suggests that these 

complexes may play a role in cytoprotection. 

We also examined the role of GSTA1 in cellular proliferation and NaB-induced 

differentiation and apoptosis. Indeed, low levels of GSTA1 are an essential condition for Caco-2 

cells to proliferate and manipulation of GSTA1 expression significantly alters growth kinetics in 

preconfluent cells. Moreover, levels of GSTA1 are differentially modified by concentrations of 

NaB that stimulate cellular differentiation or apoptosis. However, direct modulation of levels of 

GSTA1 does not alter NaB-induced differentiation and apoptosis. NaB mediates pro-apoptotic 

stimuli through p38-MAPK phosphorylation and it causes GSTA1-JNK complex dissociation by 

decreasing levels of GSTA1. These findings suggest that GSTA1 levels may play a role in 

modulating enterocyte proliferation but do not alter the development of differentiation or 

apoptosis.   
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APPENDIX I 

 

Solutions used in cell culture  

 

1X PBS 

8 g of NaCl, 0.2 g potassium chloride (KCl), 2.68 g sodium phosphate (Na₂HPO₄.7H₂O) and 

0.24 potassium phosphate (KH₂PO₄) were added to 1 L sterile water and the pH adjusted to 7.4. 

Solution was then autoclaved.  

 

Complete DMEM 

Dissolve 50 ml of heat in activated FBS and 5 ml of penicillin/streptomycin in 500 ml of 

DMEM. 

 

0.4% Trypan blue 

Dissolve 0.4 g of Trypan blue in 100 ml of PBS (pH 7.2- 7.6), bring it to a slow boil and cool it 

to RT. 

 

Incomplete / serum free media 

Dissolve 5 ml of penicillin/streptomycin in 500 ml of DMEM. 

 

80 mM Menadione 

Menadione Sodium Sulfite (C11H8O2.NaHSO3) 

Dissolve 22.1 mg of Menadione Sodium Sulfite in one ml of MilliQ water. 

 

1M Sodium Butyrate (CH3CH2CH2COONa) 

Dissolve 110.1 mg of sodium butyrate in one ml of MilliQ water. 
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Solutions used in AlkP activity assay 

 

0.5 M Tris (pH 9.0) 

Dissolve 6.1 g in 100 ml of MilliQ water and adjust pH to 9.0 using 6 N HCl.  

 

1 M ZnCl2 

Dissolve 1.3 g of ZnCl2 in 10 ml of MilliQ water and add a drop of HCl. 

 

1M MgCl2 

Dissolve 9.5 g in 100 ml of MilliQ water. 

 

Sample Buffer 

Add 6 µl of 1 M ZnCl2 (0.3 mM ZnCl2), 200 µl of MgCl2 (10 mM MgCl2) in 20 ml of 0.5 M Tris 

(pH 9.0) and mix thoroughly. 

 

0.23 mM  nitrophenyl phosphate (pNp) 

Dissolve 3.71 mg in one ml of MilliQ water to prepare 10 mM stock. Then dilute it down to 

0.23mM pNp by adding 230 µl of 10mM pNp and 770 µl of MilliQ water (prepare fresh every 

time). 

 

Para-nitrophenol standards 

Dissolve 100 µl of paranitrophenol in 900 µl of 1N NaOH to prepare 1 mM standard solution. 
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Solutions used in GSTA1 activity assay 

 

Lysis buffer 

Dissolve 303 mg Tris-HCl (50 mM) and 1.46mg ETDA (0.1 mM) in 50 ml MilliQ water pH 8.0  

 

50mM Tris HCl (pH 8.0)  

Dissolve 606 mg of Tris-base in 80 ml MilliQ water and pH to 8.0 with 6N HCl 

 

50mM glutathione-reduced 

Dissolve 15.4 mg glutathione reduced in 1 ml 50 mM Tris-HCl. (prepare fresh and keep on ice) 

 

 10mM 5-Androstene-3,17-dione (AD) 

Dissolve 2.86 mg in 1ml of 100% methanol (prepare fresh and keep on ice) 

 

Solutions used in western blot procedure 

 

Cell lysis buffer 

50 mM Tris, 10 % glycerol, 5 mM EDTA, 150 mM NaCl and 0.5 % NP-40. Solution was 

brought to pH 7.5. One tablet of coOmplete protease inhibitor cocktail (Roche) was added to 10 

mL of lysis buffer before use. The solution was stable for 2 weeks and stored at 4°C. 

 

1.5 M Tris-Cl  

27.26 g of Tris base was added to 150 mL sterile water and adjusted to pH 8.8 with 6 N HCL 

 

 



 

119 

 

0.5 M Tris-Cl 

6.0 g of Tris base was added to 100 mL sterile water and pH was adjusted to 6.8 with 6 N HCl. 

 

10% Sodium dodecyl sulphate (SDS) 

10 g of SDS was added to a final volume of 100 mL of sterile water 

 

10% Ammonium persulphate (APS) 

0.1 g of APS was added to 1 mL of sterile water and kept for up to two weeks 

 

12% Separating gel 

For two gels, 2.5 mL 1.5 M Tris-Cl pH 8.8, 0.1 mL 10 % SDS, 4.0 mL of 30 % acrylamide/bis, 

0.1 mL 10 % APS was added to 3.35 mL sterile water. Immediately before loading the cassette, 

10 µL of N,N,N',N'-Tetramethylethylenediamine (TEMED) was added to the mixture. 

 

4% Stacking gel 

For two gels, 1.25 mL of 0.5M Tris-Cl pH 6.8, 50 µL of 10 % SDS, 0.665 mL 30% 

acrylamide/bis and 0.1 mL 10% APS were added to 3.1 mL of sterile water. Immediately before 

loading, 10 µL of TEMED was added to the mixture. 

 

1% Bromophenol blue 

0.1 g bromophenol blue in 1 mL sterile water 

 

5X Running buffer 

15.0 g of Tris base, 72.0 g of glycine and 5.0 g of SDS was added to a final volume of 1 L of 

sterile water and pH was adjusted to 8.3 

 

 



 

120 

 

Transfer buffer 

12.12 g of Tris base, 57.6 glycine and 800 mL methanol were mixed with sterile water to a final 

volume of 4 L. The pH was measured to be between 8.0- 8.5. 

 

TBS 

2.4 g of Tris base, 8.0 g of NaCl were added to a final volume of 1 L and adjusted to pH 7.6 with 

6 N HCl 

 

TTBS 

1 mL of 100 % Tween-20 was added to 999 mL of TBS, pH 7.6  

 

3X reducing sample buffer 

1.0 mL of 0.5M Tris pH 6.8, 1.0 mL of glycerol, 1.6 mL 10% SDS, 0.4 mL 2-mercaptoethanol 

and 0.4 mL 1% bromophenol blue was added to 3.8 mL of sterile water and stored at 4 °C 

 

Stripping buffer 

20 mL of 10 % SDS, Tris, glycerol, 0.4 mL β-mercaptoethanol. Sterile water was added to a final 

volume of 100 mL and the solution was adjusted to pH 6.2 with HCl. 

 

Ponceau Staining 

0.1% Ponceau stain in 5% acetic acid 

 

0.5 % Amido Black 

250 ml water, 50ml acetic acid, 200ml methanol, 0.5g amido black. 
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Coomassie Blue 

Staining solution (0.1% Coomassie Brilliant Blue R-250, 50% methanol and 10% 

glacial acetic acid) 

Destaining solution (40% methanol and 10% glacial acetic acid) 
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APPENDIX ΙΙ 

Source of Material 

 

 

2-Mercaptoethanol     Sigma-Aldrich, Oakville, ON 

5-Androstene-3,17-dione (AD)   Steraloids Inc (Newport, RI). 

96-well tissue culture plates    Corning Inc, Corning, NY 

Acrylamide/bisacrylimide (30 %)   Bio-Rad Laboratories, Mississauga, ON 

Agarose      Invitrogen, Burlington, ON   

Ammonium persulfate    Fisher Scientific, Nepean, ON 

Ampicillin      Sigma-Aldrich, Oakville, ON 

Anti-GSTP1-1 rabbit antibody   Biotrin, Mississauga, ON 

Anti-human GSTA1-1 rabbit  antibody   Oxford Biomedical Research Inc, Pickering, 

ON 

Anti-human GSTA4-4 rabbit antiserum Sigma-Aldrich, Oakville, ON 

Anti-rabbit goat IgG – peroxidase conjugate  Sigma-Aldrich, Oakville, ON 

Anti-β-actin mouse antibody    Sigma-Aldrich, Oakville, ON 

Bacteriological agar     Sigma-Aldrich, Oakville, ON 

Bio-Rad protein assay dye reagent   Bio-Rad Laboratories, Mississauga, ON 

Bovine serum albumin    Sigma-Aldrich, Oakville, ON 

BrdU chemiluminescent enzyme-linked 

immunosorbant assay (ELISA) kit 

Roche Diagnostics, Mississauga, ON 

Bromphenol blue     Sigma-Aldrich, Oakville, ON 
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Cell Proliferation Assay Promega, Whitby, ON 

cOmplete mini tab protease inhibitor              Roche Diagnostics, Mississauga, ON 

CytoTox-ONE™ Homogenous Membrane 

Intergrity Assay kit    

Promega,  Whitby, ON 

Dimethyl sulfoxide     Sigma-Aldrich, Oakville, ON 

dNTP mix 10 mM     Invitrogen, Burlington, ON 

DTT     Dithiothreitol 

Dulbecco’s Modified Eagle’s Medium  Sigma-Aldrich, Oakville, ON 

ECL plus kit      GE Healthcare, Oakville, ON 

EDTA       Sigma-Aldrich, Oakville, ON 

Ethidium bromide     Sigma-Aldrich, Oakville, ON 

Foetal bovine serum   Sigma-Aldrich, Oakville, ON 

Glycerol      Fisher Scientific, Nepean, ON 

Glycine      Fisher Scientific, Nepean, ON 

Goat serum      Sigma-Aldrich, Oakville, ON 

Human genomic DNA    Promega, Whitby, ON 

Hydrochloric acid     Fisher Scientific, Nepean, ON 

Isopropanol     Fisher Scientific, Nepean, ON 

Lightcycler capillaries     Roche Diagnostics, Mississauga, ON 

Lightcycler FastStart DNA Master SYBR     Roche Diagnostics, Mississauga, ON 

Lipid Peroxidation Kit    Oxford Biomedical Research Inc, Pickering, ON 

Lipofectamine™ 2000     Invitrogen, Burlington, ON 
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Magnesium chloride     Fisher Scientific, Nepean, ON 

Menadione     Sigma-Aldrich, Oakville, ON 

Methanol      Fisher Scientific, Nepean, ON 

Microcentrifuge tubes (1.5 mL)   Fisher Scientific, Nepean, ON 

M-MLV reverse transcriptase    Invitrogen, Burlington, ON 

Mouse anti-V5 antibody     Sigma-Aldrich, Oakville, ON 

NAC Sigma-Aldrich, Oakville, ON 

Nitrocellulose membrane    GE Healthcare, Oakville, ON 

nonyl phenoxylpolyethoxylethanol (NP-40)  Sigma-Aldrich, Oakville, ON 

Nuclease-free water     Ambion, Austin, TX 

Opti-MEM® I reduced serum media   Invitrogen, Burlington, ON 

para-nitrophenol     Sigma-Aldrich, Oakville, ON 

 para-nitrophenyl phosphate (pNP)   Sigma-Aldrich, Oakville, ON 

pcDNA™3.1/V5-His TOPO TA Expression 

Kit 

Invitrogen, Burlington, ON 

Penicillin/streptomycin    Sigma-Aldrich, Oakville, ON 

Platinum Taq polymerase    Invitrogen, Burlington, ON 

Potassium chloride     Fisher Scientific, Nepean,ON 

Potassium phosphate     Fisher Scientific, Nepean,ON 

Protein-A agarose beads   Invitrogen, Burlington, ON 

QIAPrep spin miniPrep kit    Qiagen Inc., Mississauga, ON 

QIAquick gel extraction kit    Qiagen Inc., Mississauga, ON 
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Rabbit anti phospho p38 antibody  Cell Signaling Technology, Pickering, ON 

Rabbit anti phospho p44/42MAPK antibody  Cell Signaling Technology, Pickering, ON 

Rabbit anti p-JNK antibody  Cell Signaling Technology, Pickering, ON 

Rabbit monoclonal anti-Caspase-3   Cell Signaling Technology, Pickering, ON 

Random primers     Invitrogen, Burlington, ON 

Restore ™ plus     Fisher Scientific, Nepean, ON 

RNase OUT      Invitrogen, Burlington, ON 

RQ1 RNase-free DNase    Promega, Whitby, ON 

SAPK/JNK Kit    Cell Signaling Technology, Pickering, ON 

Sodium butyrate  Sigma-Aldrich, Oakville, ON 

Sodium chloride     Fisher Scientific, Nepean, ON 

Sodium dodecyl sulphate    Fisher Scientific, Nepean, ON 

Sodium hydroxide     Fisher Scientific, Nepean, ON 

Sodium phosphate     Fisher Scientific, Nepean, ON 

Stealth™ RNAi     Invitrogen, Burlington, ON 

TEMED      Invitrogen, Burlington, ON 

Tissue culture dishes (60 mm, 100 mm)  Fisher Scientific, Nepean, ON 

Tissue culture flasks     Fisher Scientific, Nepean, ON 

TOP10 E.coli  Invitrogen, Burlington, ON 

TPA       Sigma-Aldrich, Oakville, ON 

Tris base      Fisher Scientific, Nepean, ON 

Triton-X      Fisher Scientific, Nepean, ON 
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TRIzol®  reagent     Invitrogen, Burlington, ON 

TryPLE Express      Invitrogen, Burlington, ON 

Tryptone      Sigma-Aldrich, Oakville, ON 

Tween-20      Sigma-Aldrich, Oakville, ON 

Vitamin E Sigma-Aldrich, Oakville, ON 

Yeast extract      Sigma-Aldrich, Oakville, ON 
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