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ABSTRACT 

 

The biochemical mechanism of apoptosis induced by lithium remains unclear, although 

there is evidence suggesting the involvement of Bax and Bcl-2. Bcl-2 family of proteins 

play a critical role in the regulation of apoptosis in various tumour cell lines. This 

pathway may be altered in cancer cells. We have used calyculin-A (CL-A), an inhibitor 

of protein phosphatase 2A (PP2A), to investigate the mechanism by which lithium 

induces apoptosis in HL-60 cells. Previous studies in our laboratory established that 

lithium induces apoptosis of HL-60 cells at 10 mM and above; while CL-A induces 

apoptosis at 1 nM and above. The observed apoptotic effects were additive. These 

observations led to the hypothesis that lithium and CL-A exert their biological effects by 

acting on a similar target. It was, therefore, the aim of this study to establish whether 

lithium would also exert similar inhibitory effects on the apoptotic and cell cycle 

regulatory genes. We further aimed at delineating the effects of both lithium and CL-A 

on the expression profiles of apoptotic and cell cycle regulatory genes. In this study, HL-

60 cells were treated with lithium, CL-A and the combination of both. This was followed 

by the assessment of cell proliferation and viability at specific time points, using Coulter 

Counter and trypan blue dye exclusion assay, respectively. Concentrations of lithium at 

10 mM and 20 mM were found to inhibit cell proliferation and exerted modest effects on 

cell viability in a time- and dose-dependent manner. Likewise, CL-A inhibited cell 

proliferation and viability in a time- and dose-dependent fashion. The combination of 

lithium and CL-A showed additive inhibitory effects on the growth of HL-60 cells. 

 

Further, semi-quantitative RT-PCR analyses of apoptotic (bax and bcl-2) and cell cycle 

regulatory genes (cdc2 and cyclin-B1) were determined. Our data revealed an under-

expression of bcl-2 mRNA and an up-regulation of bax mRNA in HL-60 cells treated 

with lithium, CL-A and the combination of both. In addition, the expression levels of 

cdc2 mRNA remained constant, while cyclin-B1 mRNA expression levels were up-

regulated after 24 h in HL-60 cells that were treated with cytotoxic concentrations of 

lithium and CL-A alone. Furthermore, the combination of lithium and CL-A showed an 
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up-regulation of cyclin-B1 mRNA while cdc2 mRNA levels remained constant in both 

treated and untreated HL-60 cells. 

 

To corroborate the RT-PCR data, we present evidence by Western blot analysis that Bcl-

2 family of proteins and cell cycle regulatory genes indeed play a critical role in the 

regulation of apoptosis in HL-60 cells. Western blot analysis revealed a down-regulation 

of Bcl-2 under all treatment conditions. However, lithium and CL-A alone failed to show 

any detectable expression levels of both Bax and cyclin-B1 proteins. In contrast, the 

combination of both lithium and CL-A showed an up-regulation of Bax and Cdc2 

proteins in HL-60 cells. These findings suggest that the molecular mechanism elicited by 

lithium, CL-A and the combination of both on the growth inhibition of HL-60 cells 

involves an aberrant expression of apoptotic and cell cycle regulatory genes. In addition, 

these observations may allude to a notion that both lithium and CL-A may be used and 

administered successfully as positive alternative anticancer drugs. 
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CHAPTER 1 


 


INTRODUCTION  


 


1.1. Lithium 


 


Lithium (Li
+
) element is a simple ion with numerous biochemical effects (Shaldubina et al., 2001). 


Naturally, lithium is found in soils, water and rocks (Weiner, 1993). Lithium extracted from ore is used 


in the manufacturing of the metal, organic and inorganic lithium compounds for use in a variety of 


commercial applications such as pharmaceuticals, catalysts and batteries (Weiner, 1993). Man is 


exposed to lithium that is present naturally in food and drinking water. Lithium intake, especially in 


diet is estimated to be 76-546 μg/day depending on the lithium content of natural foodstuffs and 


drinking water (Anke et al., 1991; Jathar et al., 1980). Therapeutic doses use 160-282 mg/day as 


lithium ion. Once viewed as a natural product, lithium attracted the interest from drug companies 


(Gattozzi, 1974).  


 


Furthermore, lithium has various clinical effects, which include prophylaxis of bipolar disorder, anti-


manic, anti-depressive and anti-aggressive action, action against migraine and cluster headaches 


(Charney et al., 1981). Lithium is thought to act as a mood-stabilising drug by inhibiting 


polyphosphoinositol (PI) pathway of cellular signaling (Berridge et al., 1982). Although the 


mechanism of lithium action is still unclear, many studies have been done to determine the effect of 


lithium on cell cultures. Lithium has a history of inducing apoptosis in various cell lines. It was shown 


to affect cellular proliferation and differentiation in cell type-dependent manner (Becker and Gallichio, 


1996; Becker and Tyobeka, 1996).  


 


Indeed, treatment of cells in culture with lithium chloride (LiCl) was shown to influence cellular 


proliferation and differentiation in different ways depending on the cell type (Becker and Gallicchio, 


1996; Becker and Tyobeka, 1996). Madiehe et al. (1995) demonstrated that lithium stimulates cell 


proliferation at lower concentrations (5 mM) and induces apoptosis at 10 mM and above in HL-60 


cells. Other ions like Na
+ 


and K
+
 could not elicit a similar effect (Madiehe et al., 1995). Tyobeka and 


Becker (1990) reported similar observations where they discovered that after treating HL-60 cells with 
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different concentrations of lithium (0-50 mM), cells treated with 2 mM lithium maintained the same 


growth rate as controls up to 48 h. Treatment of cells with 5 mM lithium enhanced cell proliferation 


and there was growth inhibition at concentrations above 5mM (Tyobeka and Becker, 1990). Madiehe 


et al. (1995) also reported that lithium arrests the HL-60 cell cycle at the G2/M-phase and this cell 


cycle arrest has been found to be associated with the onset of apoptosis. 


 


1.1.1. Mechanisms of Lithium Action 


 


Many hypotheses have been suggested in order to understand the mechanism of lithium action. For 


example, a hypothesis explaining lithium’s therapeutic and prophylactic affective disorder is that 


inhibition of inositol monophosphatase impairs the operation of the phosphatidylinositol cycle [PI 


cycle] (Shaldubina et al., 2001). Phosphatidylinositol (PI), the membrane phospholipid is sequentially 


phosphorylated to form phosphatidylinositol bisphosphate (PIP2) (Shaldubina et al., 2001). 


Phospholipase C (PLC) cleaves PIP2 to two second messengers: inositol 1,4,5-triphosphate (IP3) and 


diacylglycerol (DAG) (http.sulcus.Berkerly.html). In order to maintain the signaling pathway, IP3 is 


then metabolized by specific kinase and phosphatases into inositol monophosphates that later are 


dephosphorylated by inositol monophosphatase to become inositol (http.sulcus.berkerly.html). At the 


end of the cycle, inositol is needed to generate PIP2 (Shaldubina et al., 2001).  


 


Since lithium has been shown to affect the PI cycle, this can be regarded as one mechanism of 


lithium’s action (Berridge, 1985). Lithium was first shown to affect this system in 1971 (Allison and 


Stewart, 1971) when it was found that lithium decreased free inositol concentration and increased 


inositol monophosphate (IP) concentration in the brain. This statement suggests that lithium inhibits 


phosphatase that is required to dephosphorylate IP3 to free inositol. Hallcher and Sherman (1980) 


showed that lithium at therapeutic doses inhibits rat brain inositol monophosphate, thereby explaining 


the reduction in inositol and accumulation of inositol monophosphate. The overall inhibition has been 


determined to be uncompetitive with the Ki of 0.5 nM (Hallcher and Sherman, 1980).  


 


Furthermore, lithium inhibits glycogen synthase kinase-3 (GSK-3), which is involved in a wide range 


of signal transduction pathways (Shaldubina et al., 2001). GSK-3 is regulated by inhibition of 


numerous signal transduction systems (Agam and Levine, 1998; Manji et al., 1999). Overexpression of 
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GSK-3 in human neuroblastoma cells was found to potentiate staurosporine and heat-shock induced 


apoptosis (Bijur et al., 2000). GSK-3 is known to be directly inhibited by lithium at nearly 


therapeutically relevant concentrations (2.1  0.6 mM) in vitro (Stambolic et al., 1996).  


 


Furthermore, lithium has been shown to have dramatic effects on morphogenesis in the early 


development of numerous organisms (Shaldubina et al., 2001). Klein and Melton (1996) also 


presented evidence that inositol monophosphatase inhibition does not explain the teratogenic effect of 


lithium on development. Lithium teratogenesis in Xenopus embryos causes the same effect as the 


activation of Wtn signaling (Dierick and Bejsovec, 1999). The inhibition of GSK-3 by lithium could 


explain lithium’s ability to mimic Wtn signaling. Since GSK-3 plays a central role in the cell, it could 


become an attractive candidate as lithium’s target. However, inhibition of GSK-3 by lithium occurs at 


the top of its therapeutic range (Stambolic et al., 1996). Thus GSK-3 inhibition could be more relevant 


to lithium’s toxic side effects (Stambolic et al., 1996). 


 


Lithium was also hypothized to induce an increase in the levels of the anti-apoptotic protein Bcl-2 


(Chen and Chuang, 1999; Manji et al., 1999). Chronic lithium administration at therapeutically 


relevant concentrations has been found to protect neurons against apoptotic cell death, to prolong 


survival and to promote growth and regeneration of axons in the mammalian brain (Chen et al., 1997; 


Chen et al., 1999). Long term, but not acute lithium treatment of cultured cerebellar granule cells was 


reported to have induced a concentration-dependent decrease in mRNA and protein levels of pro-


apoptotic factors p53 and Bax. Conversely, mRNA and protein levels of the cytoprotective factor Bcl-


2 were markedly increased under similar conditions (Chen and Chuang, 1999; Chen et al., 1999). 


Overexpression of Bcl-2 has been shown to prolong cell survival, promote growth and regeneration of 


axons in the mammalian central nervous system (CNS) (Chen et al., 1997). Therefore, lithium’s 


neuroprotective effect, induced by increasing brain Bcl-2 levels, may be relevant in the long term 


treatment of mood disorders for the prevention of neurodegeneration (Manji et al., 1999; Manji et al., 


2000). Furthemore, Chen et al. (2006) reported a novel role of lithium on the blockage of ceramide- 


and ectoposide-induced apoptosis via inhibition of PP2A and caspase-2 activity and the Bcl-2 


dephosphorylation on mouse T hybridroma cells 101. These findings suggest that activation of PP2A 


by lithium during lithium-induced apoptosis could be one of the underlying mechanisms of lithium s 


action).  
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1.2. Calyculin-A 


 


Reversible phosphorylation (catalysed by protein kinases and phosphatases) of proteins is a key 


regulator of numerous cellular processes including apoptosis. In addition, about 500 protein kinases 


and third that number of protein phosphatases are encoded by human genome (Cohen, 2001). It is 


therefore, not surprising that abnormal phosphorylation of proteins turn out to be the cause of diseases 


like cancer. In contrast, there are existing natural toxins which have the ability to alter the 


phosphorylation state of proteins. One of such toxins is calyculin-A (CL-A), isolated from the sponge 


Discodermia calyx from the Gulf of Sagami, which is a powerful tumour promoter (Cohen et al., 1990; 


Kato et al., 1986). The molecular structure of CL-A consists of an octamethyl polyhydroxylated 28 


carbon fatty acid with two linked γ-amino acids (Volter et al., 1999) as shown in Fig. 1.1 (Cohen et al., 


1990).   


 


Previous studies indicated that inhibitors of types-1 and 2A protein phosphatases inhibit growth of 


various tumour cells in a dose- and cell type-dependent manner. CL-A was reported to be one of the 


cell permeable protein phosphatase inhibitors (Ishihara et al., 1989). Cohen et al. (1990) revealed that 


CL-A has been attributed to partial inhibition of protein phosphatase PP2A (IC50 = 0.5-1.0 nM) and 


PP1 (IC50 = 2nM). CL-A has been shown to induce apoptosis and necrosis in dog thyrocytes 


(Goldstein et al., 1995), myeloid leukemia cells (Ishida et al., 1992) and human osteoblastic cells 


(Song et al., 1992). However, other studies revealed that CL-A blocked apoptosis induced by 


staurosporine and etoposide in leukemia cell lines (Morana et al., 1996; Wolf and Eastman, 1999). 


Biochemical characterization of this inhibition revealed that CL-A prevented DNA digestion, caspase 


activation, and cytochrome c release from the mitochondria (Wolf et al., 1997; Wolf and Eastman, 


1999). Other studies established that CL-A also blocks translocation of Bax from the cytoplasm to the 


mitochondria (Ganju and Eastman, 2002). This clearly shows that the effects of CL-A on cellular 


growth is cell type-dependent. Furthermore, Mampuru et al. (1999) found that CL-A enhanced 


proliferation of HL-60 cells in a dose-dependent manner up to 0.5 nM and showed toxicity at 1 nM 


and above. Previous studies done by Mampuru et al. (1999) also demonstrated that lithium and CL-A 


had additive effects in inducing HL-60 cell proliferation when added concomitantly, suggesting an 


interaction between the two drugs. Then an immediate question arises whether lithium-induced 


apoptosis in HL-60 cells was through modulation of the pathway that is subject to protein 
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phosphatases control. In this study CL-A, an inhibitor of PP2A, has been used as a tool to evaluate 


whether lithium and CL-A act on a similar target.  


 


                                         


Fig. 1.1. Calyculin-A structure (Cohen et al., 1990). 


 


1.3. Mechanisms of Cell Death 


 


Cell death occurs by two distinct mechanisms, necrosis and apoptosis (www. users.rcn.com) (Fig. 1.2). 


Necrosis (“accidental” cell death) is the pathological process which occurs when cells are exposed to a 


serious physical or chemical insult, e.g., hypoxia, hyperthermia and viral invasion (Israels and Israels, 


1999; Wyllie, 2003). In contrast, apoptosis (“normal” or programmed cell death) is the physiological 


process by which unwanted or useless cells are eliminated during development and other normal 


biological processes (Wyllie, 2003). Usually, apoptosis occurs naturally or it can be induced by 


extracellular signals.  


 


1.3.1. Differences Between Necrosis and Apoptosis 


 


 Necrosis begins with an impairment of the cell’s ability to maintain homeostasis (Wyllie, 2003). Cell 


death by necrosis is characterized by early mitochondria swelling and failure, dysfunction of the 


plasma membrane with loss of homeostasis, which lead to an influx of H2O and extracellular ions, 


swelling and rupture (Steller, 1995; Wyllie, 2003). The loss of membrane integrity results in the 


release of cell contents including proteases and lysozymes that eventually induce an inflammatory 
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response as a consequence of cytokine release by the surrounding macrophages (Israels and Israels, 


1999). In in vivo, necrotic cell death is often associated with extensive tissue damage (Wyllie, 2003). 


 


Apoptosis, in contrast, is a mode of cell death where cells are removed silently under normal 


conditions when they reach the end of their life span and are damaged (Song et al., 1992). Cells 


undergoing apoptosis are characterized, morphologically, by the presence of membrane blebbing, 


condensation of the plasma and nuclear membrane, which is followed by aggregation of nuclear 


chromatin and a disruption of the cytoskeleton architecture (Liao, 2005; Steller, 1995). In addition, 


during apoptosis, a family of proteins known as caspases are released. These proteins cleave key 


cellular substrates that are required for normal and cellular function including DNases, which begin to 


cleave the DNA in the nucleus into short DNA fragments (Steller, 1995), that gives characteristic 


“ladder-like” appearance on agarose gels. 


 


In apoptosis, mitochondria retain gross structure and function, which results in cell shrinkage and then 


fragments into a cluster of membrane-enclosed “apoptotic bodies”. These apoptotic bodies are rapidly 


recognized and phagocytized by either adjacent macrophages or epithelial cells (Israels and Israels, 


1999; Weil et al., 1996). As these apoptotic bodies induce no significant cytokine release by 


phagocytic cells, no inflammatory response is elicited (Israels and Israels, 1999; Klumpp and 


Krieglstein, 2002).  


 


1.4. Mechanisms of Apoptosis 


 


Ashkenazi and Dixit (1999), Hengartner (2000) (Fig. 1.3) and Sun et al. (1999) described two distinct 


pathways leading to apoptosis, namely death receptor-mediated apoptosis (extrinsic) and chemical-


induced apoptosis (mitochondrial or intrinsic). 


 


1.4.1. Intrinsic or Mitochondrial Pathway 


 


In a healthy cell, the outer mitochondrial membrane expresses the Bcl-2 protein, bound to a protein 


apoptotic protease activating factor-1 (Apaf-1) on its surface (www.users.rcn.com.).  


 



http://www.users.rcn.com.)/
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Fig. 1.2. Mechanisms of cell death: hallmarks of the apoptotic and necrotic cell death processes 


(www.celldeath.de/.../aporev__2b.jpg). 


 


 


However, during apoptosis the mitochondrial physiology is disrupted (Wyllie, 2003). This results in 


the displacement of Apaf-1 from Bcl-2 protein (Anto et al., 2002). Bax which is located on the 


cytoplasm then penetrates the mitochondrial membrane and binds to Bcl-2, causing cytochrome c to 


leak out (Chatfield and Eastman, 2004). Leaked cytochrome c then binds to Apaf-1 and activates 


caspase-9. Cytochrome c together with Apaf-1 and caspase-9 form a complex called apoptosome in the 


cytoplasm (www.users.rcn.com.). The apoptosome aggregates in the cytosol and activates caspase-3, 


resulting in apoptosis.  Apoptotic pathway involving mitochondria has been shown to be negatively 


regulated by anti-apoptotic proteins such as Bcl-2 or Bcl-XL through suppression of cytochrome c 


release (Minn et al., 1998; Yang et al., 1997).  


 


1.4.2. Extrinsic Pathway or Death-Receptor Pathway 


 


Extrinsic or death receptor pathway is triggered by external signals. Cells require both internal and 


external means of regulating the activation of caspases and the death machinery. Cell death receptor 



http://www.celldeath.de/.../aporev__2b.jpg

http://www.users.rcn.com.)/
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depends on other events to transmit apoptosis signals in response to external stimuli such as death 


ligands, growth factors withdrawal, or chemotherapeutic agents (Andreef et al., 2000).  


 


Death receptors belong to the tumour necrosis factor (TNF) receptor family and have a characteristic 


cysteine-rich extracellular domain and a cytoplasmic death domain that initiates apoptotic signaling 


inside the cell (Smith et al., 1994). Upon activation of apoptosis Fas and the TNF receptor binds to 


their complementary death activator (FasL and TNF, respectively) and transmit a signal to the 


cytoplasm. Most cytokines (usually of the TNF superfamily) induce apoptosis by interaction of the 


ligand with its death receptor, which sequentially recruits TNF receptor-associated death domain, Fas-


associated death domain (FADD), FADD-like interleukin-1-converting enzyme (FLICE) (also called 


caspase-8) (Anto et al., 2002), thereby forming a complex known as the death inducing signaling 


complex or DISC. Caspase-8 can directly activate effector caspases such as caspase-3. Caspase-3 then 


cleaves various substrates leading to apoptosis (Anto et al., 2002).  


 


 


Fig. 1.3. Major apoptotic pathways in mammalian cells: the intrinsic (mitochondrial) and extrinsic 


(death receptor) pathways (Hengartner, 2000). 
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1.5. Regulation of Apoptosis 


 


Apoptosis is mainly regulated by Bcl-2 family of proteins, by Apaf-1 and the caspase family proteins 


(Bates and Vousden, 1999). Bcl-2 family of proteins play an important role in both induction (Bax, 


Bad and Bid) and suppression (Bcl-2 and Bcl-XL) of apoptosis (Klumpp and Krieglstein, 2002). 


Another protein that regulates apoptosis is p53. Infact, p53 is the most frequently disrupted gene in 


cancer (www.geocities.com). When DNA damage is encounted, protein p53 induces apoptosis if 


damage is irreparable or arrest cells at G1-phase if cellular damage is considered repairable (Andreeff 


et al., 2000). Replication of damaged DNA can result in the incorporation of heritable genetic 


mutations (Andreeff et al., 2000). p53 also functions by regulating the ratios of Bax-to-Bax, Bax-to-  


Bcl-2 and Bcl-2-to-Bcl-2 groups (Israels and Israels, 1999). High expression of Bax induces apoptosis 


and high expression of Bcl-2 inhibits apoptosis (www.geocities.com). 


 


Reversible phosphorylation is another central mechanism that controls apoptosis (Klumpp and 


Krieglstein, 2002). Reversible phosphorylation affects the function of a protein and is controlled by a 


balance in protein kinase and phosphatase activity (Van Hoof and Goris, 2003). These 


dephosphorylation/phosphorylation events increase or decrease enzyme activities, mark proteins for 


destruction, allow a protein to move from one cellular compartment to another or enable a protein to 


interact or dissociate with/from other proteins (Sim and Scott, 1999). 


 


1.5.1. Bcl-2 family of Proteins 


 


The Bcl-2 family of proteins consist of both inhibitors and promoters of apoptosis. Sixteen members of 


this family have been recognized, some including Bad, Bid, Bik, Bax, are promoters of apoptosis, 


while, others such as Bcl-2 and Bcl- XL are apoptotic-inhibitory proteins (Arkin, 2005; Israels and 


Israels, 1999). There are four important Bcl-2 structural homology motifs: BH1, BH2, BH3, present in 


both the anti- and pro-survival subfamilies, and BH4 which is present only among anti-apoptotic 


proteins (Chittenden et al., 1995; Gibson et al., 1996; Yin et al., 1994; Zha et al., 1996). Bcl-2 and 


Bcl- XL have all four domains; Bax has only BH1, BH2, and BH3, while Bad and Bid are part of the 


BH3 subfamily (www.goecities.com). 


 



http://www.goecities.com/
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Major anti-apoptotic members such as Bcl-2 and Bcl- XL function as homodimers that protect the 


mitochondrial integrity, their pro-survival activity can be inhibited by heterodimerisation with some 


pro-apoptotic family of members like Bax or Bad. Homodimerisation of Bcl-2 family of proteins 


depend on the interactions between BH1, BH2 or BH3 domains (Sedlak et al., 1995; Yin et al., 1994). 


There are various possible interactions that can occur among Bcl-2 family of proteins: Bcl-2 with Bcl-


2, Bcl-2 with Bcl-XL, Bcl-2 with Bcl-XS, Bcl-XL with Bcl-XL and Bcl-XL with Bax (Hsu et al., 1997). 


The interaction between Bcl-XS and Bcl-2 prevents Bcl-2 from interaction with Bax and thus leaving 


Bax unopposed in its cell-death effector function (Goping et al., 1998). 


 


 The ratio of anti-apoptotic versus pro-apoptotic dimers is important in determining the resistance of a 


cell to apoptosis. Their balance determines the cell death decision. High expression of Bcl-2 inhibits 


apoptosis. p53 have been reported to regulate the ratio of Bax/Bax, Bax/Bcl-2 and Bcl-2/Bcl-2 groups 


(Israels and Israels, 1999). For a cell to survive, Bcl-2 sequesters Bid, inhibiting it from activating Bak. 


For cell death to proceed, Bad binds Bcl-2, leaving Bid to activate Bak, releasing cytochrome c (Fig. 


1.4) (Au, 2002). 


 


1.5.2. Bcl-2 Proteins 


 


Bcl-2 was first identified as a proto-oncogene in B-cell lymphoma and subsequently recognized as the 


mammalian homologue of the apoptotic inhibitor ced-9 in C. elegans (Van Hoof and Goris, 2003). It is 


a 26-kDa integral membrane protein, which is located on the cytoplasmic sides of the mitochondrial 


outer membrane, endoplasmic reticulum and the nuclear envelope (Reed, 1994). Bcl-2 governs ion 


transport and protect against breaches in the membrane. Since Bcl-2 governs ion transport in the 


mitochondrial membrane, it means that it can also prevent loss of transmembrane potential and 


stabilize the barrier function of the outer mitochondrial membrane. Bcl-2 has a hydrophobic domain at 


the carboxyl (COOH)-terminal that allows the insertion of the protein into the cytosolic face of the 


intracellular membranes; this intracellular location is important for their function (Nguyen et al., 


1993). 


 


It has been reported that up-regulation of either Bcl-2 or Bcl-XL is commonly observed in cancerous 


cells and is correlated with resistance to chemotherapy. Inhibitors of Bcl-2 or Bcl-XL might therefore                                   
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Fig. 1.4. The balance between pro- and anti-apoptotic proteins determine the cell cycle decision 


(Focus.hms,Harvard.edu/../cell..deathRB.gif, 2002). 


                               


induce apoptosis on their own, and also could work synergistically with established chemotherapy to 


induce apoptosis. Bcl-2 has been reported to inhibit apoptosis in a variety of cells. 


 


In addition to the anti-apoptotic effect of Bcl-2, it has been reported that overexpression of Bcl-2 


causes the cells to accumulate in the G1/G0-phase, protecting cells from apoptosis (Borner, 1996). 


Although it has been established that Bcl-2 is modulated by dimerisation with family members like 


Bax, other regulatory mechanisms such as phosphorylation also regulate Bcl-2. Phosphorylation of 


Bcl-2 was first demonstrated early in the 90’s. Researchers reported that anticancer drug-induced 


apoptosis was accompanied by Bcl-2 phosphorylation, suggesting that phosphorylation inactivates 


Bcl-2 function. 
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However, Van Hoof and Goris (2003) reported that phosphorylation of Bcl-2 regulates its function. 


The functional consequence of Bcl-2 phosphorylation seems to be dependent on the nature of the 


stimulus, the site of phosphorylation and the cellular context such as cell type, cell cycle state, sub-


cellular localization of Bcl-2 (Van Hoof and Goris, 2003). The dynamic phosphorylation and 


dephosphorylation of Bcl-2 causes conformational change within the protein and has been shown to 


serve as survival sensor during stress stimuli (Ruvolo et al., 2001). When survival conditions are 


encountered, Bcl-2 is phosphorylated and prevents the mitochondrial release of cytochrome c (Garcia 


et al., 2003). When death-inducing conditions are encountered, Bcl-2 is dephosphorylated and this is 


associated with cell death. 


 


1.5.3. Bax Protein 


 


Multiple Bcl-2 homologues have been identified, mainly which form homo- or heterodimers 


suggesting that these molecules function at least in part through protein-protein interaction (Chao and 


Korsmeyer, 1998). Bax, a pro-apoptotic homologue was identified by co-immunoprecipitation with 


Bcl-2 protein. Bax is a 21-kDa protein that shares homology with Bcl-2 clustered in conserved regions 


including BH1 and BH2 (Chao and Korsmeyer, 1998). Bax have 21% identity with Bcl-2 (Adams and 


Corry, 1998). These two Bcl-2 family of proteins can heterodimerise and homodimerise with each 


other.  


 


Bax is widely expressed in tissues, including a number of sites in which cells die during normal 


development. Bax protein exists in a soluble form in the cytosol (Ganju and Eastman, 2002), however, 


following a death signal, it appears that Bax undergoes conformational changes that enables it to target 


and integrate into the mitochondrial outer membrane and to function as a pro-apoptotic protein 


(Goping et al., 1998; Griffiths et al., 1999; Hsu et al., 1997; Wolter et al., 1997). 


 


In several human cancers, Bax has been shown to be mutated and expressed at a reduced level. This is 


the reason why cancerous cells proliferate continually because the available Bax will not be able or be 


sufficient enough to block cell proliferation. High expression of Bax is needed to promote apoptosis in 


cancer cells. The protein that down-regulate the expression of Bax is Bcl-2 protein. When Bcl-2 is 
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highly expressed, it heterodimerise with Bax and death is suppressed. This again shows that the ratio 


of Bcl-2 to Bax is important in determining susceptibility to apoptosis. 


 


 Stress stimulation induces the expression of Bax, throwing off the ratio of pro-survival to pro-


apoptotic Bcl-2 proteins (www.geocities.com). This scenario leads to an excess of Bax at the 


mitochondria, leading to the formation of Bax-Bax homodimers. Bax will now translocate from the 


mitochondria where it oligomerises leading to the release of cytochrome c and activation of Apaf-1 


(Wolter et al., 1997; www.geocities.com). Bax triggers a rapid caspase-dependant apoptosis, however, 


in the presence of caspase inhibitors, a slower non-apoptotic cell death without DNA fragmentation 


occurs (Xiang et al., 1996). 


 


Bax-induced cytochrome c release could results in the disruption of electron transport with loss of 


ATP and generation of reactive oxygen species that causes caspase-independent cell death (Andreef et 


al., 2000). Thus, mitochondrial damage controls the type of cell death, either by releasing the proteins 


that trigger caspase activation or by disrupting the electron transport, followed by non-apoptotic cell 


death.  


 


1.5.4. Bad Protein 


 


Bad only has BH3 domain, suggesting that it can dimerise with Bcl-2 via its BH3 domain. Direct 


interaction of Bad through BH3 homology domain with Bcl-2 modulates the function of Bcl-2 and 


causes apoptosis (Zha et al., 1996). When death signals are encountered, Bad is dephosphorylated and 


translocates to the mitochondrial membrane and binds to Bcl- XL (Kelekar et al., 1997), preventing the 


anti-apoptotic activity of Bcl- XL and causing cell death. In the presence of survival signals, Bad is 


phosphorylated on two serine sites (Ser
112


 and Ser
136


) either by a 14-3-3 molecule in the cytosol 


avoiding its apoptotic role (Aylln et al., 2002). At the post-translational modification 


(phosphorylation), pro-survival kinases such as  protein kinase B (PKB) that are also known as Akt, 


become active and phosphorylate Bad and inactivate it, releasing it from its association with Bcl-XL 


(Klumpp and Krieglstein, 2002). 


 


 



http://www.geocities.com/
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1.5.5. p53 Protein 


 


Another important protein that regulates apoptosis is a tumour suppressor protein, p53, a 53-kDa 


protein which is present at low concentration in the cytosol (Israels and Israels, 1999; 


www.geocities.com). In cancer cells, p53 is reported to be most frequently disrupted or mutated. The 


p53 protein product is a regulator of DNA transcription (Israels and Israels, 1999). In normal growing 


cells when nuclear DNA is damaged, the cells either initiate a response that includes cell cycle arrest, 


apoptotic cell death and transcriptional induction of genes involved in DNA repair (Andreef et al., 


2000). If cells can continue to replicate damaged DNA it can result in the incorporation of inheritable 


genetic mutations. If cell senses DNA damage at the G1-phase, the cells will get arrested to prevent the 


replication of damaged DNA. If DNA damage happens at the S-phase, the replication of DNA is 


stopped to allow the repair of DNA. p53 is responsible for arresting cells, inducing apoptosis and 


repairing the damage. Cells that lack p53 or that have mutated p53 were shown to be genetically 


unstable and thus are prone to develop into tumours (Ko and Prives, 1996). 


 


The p53 protein functions as a transcriptional factor by binding specific DNA sequences and 


regulating transcription from the promoters containing those sequences (Andreef et al., 2000). DNA 


damaging agents induce levels of p53, this led to the definition of p53 as a checkpoint factor (Ko and 


Prives, 1996). When normal cells sense DNA damage they increase the level of p53 by inhibiting the 


normal turnover of the protein. p53 repairs the damage by either arresting the cells if the damage is 


repairable, however, in cases where the damage is not repairable, p53 performs its alternate role of 


moving the cell into apoptosis through the Bax/Bcl-2 pathway. 


 


p53 protein levels are normally kept very low and inactive within the cell and rise once stimulated 


(www.geocities.com). The regulation of p53 at the protein level is very critical for its activation. The 


protein becomes active after DNA damage, where it becomes even more stable and accumulates in the 


cell, followed by expression of genes under its control (http:www.albany.edu/~ab10304/text/8part 


/html). Murine double minute 2 (MDM2) oncoprotein is a negative regulator of p53 (EL-Deiry, 1998). 


MDM2 down-regulates p53 transcription and binds to p53, decreasing its activity and accelerating its 


degradation (Israels and Israels, 1999). The interaction of p53 and MDM2 is inhibited by the 


phosphorylation of p53 on specific amino-terminal residues that is triggered by DNA damage (Unger 



http://www.geocities.com/

http://www.geocities.com/
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and Gershon, 1999). Phosphorylation of p53 increases the affinity of p53 for its binding site and 


increases its ability to activate transcription (Sakaguchi et al., 1998; Waterman et al., 1998). 


 


1.6. Cell Cycle (How it is Related to Apoptosis) 


 


Cell cycle is related to apoptosis because the two are required for regulating cellular  ‘homeostasis’- 


that is the balance between cell proliferation and cell death determines the life cycle of the cell 


(www.geocities.com).  Many studies suggested that cell death and cell cycle can be linked together 


because large number of dying cells were found in the proliferating tissues in vivo. All dividing cells of 


the body have been found to be accompanied by apoptosis. Normal cells have the ability to maintain 


normal homeostasis. Introduction of physiological stimuli to normal cells can lead to increased tissue 


growth, however the growth will decrease when the stimulus is withdrawn (Andreef et al., 2000). 


 


In contrast to normal cells, cancer cells, which can be described as uncontrolled cell growth and 


proliferation, continue to proliferate in the absence of the stimuli (Hanahan and Weinberg, 2000). It 


seems as if cancer cells divide more rapidly than healthy cells. However, Andreef et al., (2000) 


reported that although tumour cells proliferate under inappropriate conditions, they do not really 


proliferate faster than healthy cells. There are some of normal cells that proliferate faster than cancer 


cells. The mechanism of cell division is very crucial and it must be highly regulated. Any error in the 


replication of DNA can results in genomic instability. The genomic instability which characterizes 


cancer cells makes them resistant to chemotherapy, and thus novel therapies are in high demand 


(Arkin, 2005).  


 


Various proteins which control apoptosis have been reported to regulate cell cycle as well, one of such 


proteins is p53. p53 has been reported to induce apoptosis in response to DNA damage. In cell cycle, 


p53 is also found to have roles in various phases of the cycle. Expression of p53 has been found to 


induce growth arrest at the G1-phase (Lane, 1992). Although p53 has a role in the G2/M checkpoint as 


well, p53 independent death appears to occur in G2/M-phase (Kubbutat et al., 1997). As discussed 


under p53 protein, p53 has a transcriptional activation domain at the amino terminal and it binds to 


specific DNA sequences (htpp://www.albany.edu/~abio304/text/8part1.html). p53 mutants which fail 


to block cell proliferation have lost the ability to bind to DNA 
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(htpp://www.albany.edu/~abio304/text/8part1.html). This finding suggests that p53 could down-


regulate the gene (s) needed for cell proliferation or cell cycle progression resulting in apoptosis.  


 


1.6.1. Regulation of the Cell Cycle 


 


Basically, the cell cycle is the ‘program’ for cell growth and cell division (proliferation). A successful 


cell division cycle requires the orderly and unidirectional transition from one cell cycle phase to the 


next (Andreef et al., 2000). Certain events of the cell cycle are ordered with respect to one another by a 


series of transitions. For example, beginning mitosis before the completion of DNA synthesis will be 


deleterious to the cell (Hartwell and Weinert, 1989). There are four stages or phases of the cell cycle, 


namely the G0 (Gap-0 phase), G1 (first gap phase), the S (synthesis,) G2 (second gap phase), and M-


phase (mitosis). The two cell division events that need to be controlled are the entry into the S-phase 


when DNA is replicated and the mitosis where mitosis occurs. 


 


The G1-phase is characterized by gene expression and protein synthesis. This is the only part of the 


cell cycle regulated primarily by extracellular stimuli (www.geocities.com). It allows the cell to grow 


and to produce all necessary proteins for the DNA synthesis. In the later stages of G1, the cell passes 


through a restriction point (R) and is then committed to the cell cycle (Wyllie, 2003). At this phase the 


cell contains two copies of each chromosome, the normal diploid state of the cell.  


 


Progression through the cell cycle is controlled by a group of kinases called cyclin-dependent kinases 


(CDKs). CDKs are thought to phosphorylate cellular substrates, which are responsible for the 


progression into each of the phases (Wyllie, 2003). The active CDK holoenzyme is composed of a 


catalytic subunit and a cyclin regulatory subunit (Morgan, 1997). The catalytic subunit cannot be 


active until the appropriate cyclin is synthesized. Different cyclins are synthesized at the particular 


phase, for example, cyclin-D is synthesized during G1-phase (Andreef et al., 2000) (Fig. 1.5). After 


G1-phase, the cyclin-D is degraded.  


 


The second phase of the cell cycle is the S-phase. During the S-phase the cell replicates its DNA, so it 


has two sets of DNA (Wyllie, 2003). During this phase histones and non-histones proteins are 


deposited on the daughter DNA molecules to produce the chromatin structures. The cell then divides 



http://www.geocities.com/
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into two daughter cells, each with a complete copy of DNA. Before the cell divides it needs to enter 


the G2-phase. Cyclin-A is synthesized during this phase (Morgan, 1997). During the G2-phase, the cell 


undergoes growth and protein synthesis. Here the cell has DNA content four times the haploid amount 


(4n). Then, the cell finally enters the M-phase. During this phase the cell undergoes division by mitosis 


into two daughter cells. This phase is also characterized by synthesis of cyclin-B.  


 


 


 


               


 Fig. 1.5. Schematic representation of cyclins/Cdk protein complexes and the cell cycle 


(www.sci.sdsu.edu/class/bio202/tFrey/cellcycle.html). 


 


 


For the cell to become committed to chromosomal condensation and the subsequent mitotic steps, the 


protein kinase Cdc2, which is found to be activated at the G1-phase, needs to be reactivated at the end 


of G2-phase by a cyclin to trigger DNA mitosis. p34
cdc2


 is one of the proteins which are required just 


before S-phase at the control, point called ‘start’ when the cell becomes committed to the cycle (Broek 
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et al., 1990). This kinase exists as a complex with both cyclin-A and B. The best characterized of the 


association is the p34
cdc2


/cyclin-B complex which is required for the G2 to M-phase transition 


(Furukawa et al., 1996; Morla et al., 1989; O’Connor et al., 1993).  


 


When p34
cdc2


 complexes with cyclin-B they form a mitotic phase promoting factor (MPF) (Bymee and 


Thomas, 1991; Draetta, 1990; Enoch and Nurse, 1990; Langan et al., 1989; Norbury et al., 1991; 


Norbury and Nurse, 1992; Wang, 1992). The MPF is synthesized as an inactive p34
cdc2


/cyclin-B 


heterodimer, called pre-MPF. However, the pre-MPF later become active to effect the G2/M transition 


(Norbury et al., 1991; Norbury and Nurse, 1992). The phosphoylation state of p34
cdc2


 is very important 


during the pre-MPF accumulation and its subsequent activation. As cells enter the M- phase, p34
cdc2


 


becomes rapidly phosphorylated at tyrosine-15 (Tyr
15


), leading to activation of p34
cdc2


 (Norbury et al., 


1991). p80
cdc2


, a cdc25 gene product, is reported to dephosphorylate p34
cdc2


 and increase its activity 


(Norbury et al., 1991). However, dephosphorylation alone is not sufficient to activate Cdc2 kinase, 


further phosphorylation of threonine-161 (Thr
161


) is required (Wang, 1992). 


 


1.6.2. The Role of p34
cdc2


 During Cell Cycle 


 


 p34
cdc2


 is necessary for the induction of mitosis because it participates in the condensation of 


chromosomes, the formation of mitotic spindle, and the breakdown of the nuclear membrane 


(Wiesener and Houser-Kronberger, 1998). Overexpression of p34
cdc2


 in proliferating cells has been 


reported in carcinoma (Depowski, 1999; Kawamoto et al., 1997; Megha and Lazzi, 1999) and tumours 


(Gannon, 1998; Goodger et al., 1996; Tran et al., 1998; Yasui et al., 1993) which may explain the 


requirement for p34
cdc2 


overexpression. In addition, p34
cdc2


 could be having the opposite effect to p53, 


since high expression of p53 results in low cell proliferation. This probably reflects the fact that intact 


p53 can cause cell arrest by reduction of the expression of p34
cdc2


. Furthermore, p34
cdc2


 is required for 


microtubule stabilization which results in cell survival (O’Connor et al., 2002). This suggests that the 


inhibitors of p34
cdc2


 kinase could safely improve the efficacy of microtubule-stabilizing agent used to 


treat common cancers. Therefore, inhibitors of p34
cdc2 


could be promising drugs in the treatment of 


cancer. 
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Work on protein kinases has revealed that the kinase p34
cdc2


, when complexed with various cyclins, is 


a Histone1 (H1)-kinase (Murray, 1992) and is responsible for cell cycle-dependent H1 phosphorylation 


(Freeman and Donoghue, 1991). The substrates of the p34
cdc2


 protein kinase are proteins that are 


involved in the maintenance of the cells in the G2-phase (Norbury and Nurse, 1992). The 


phosphorylation of these proteins may change their functions and permit the cell to enter the M-phase. 


Phosphorylation of H1 leads to chromosomal condensation and gene inactivation (Norbury and Nurse, 


1989). Thus, it is possible that all of the processes that control chromosome structure-function 


relationship are also involved in the control of the cell cycle. 


 


H1 is not the only substrate of p34
cdc2


, there are other p34
cdc2


 substrates like laminins A, B, and C 


which are intermediate filament proteins that polymerize and generate nuclear lamina, a substrate that 


underlines the nuclear membrane interphase. Hyper-phosphorylation of laminins coincides with the 


disassembly of the nuclear lamina and the nuclear envelope breakdown (Bymee and Thomas, 1991; 


Freeman and Donoghue, 1991; Norbury and Nurse, 1989; Norbury and Nurse, 1992). Centrosomal 


proteins which are associated with centrioles, the organizing centre of the cell for microtubules 


associated with the cytoskeleton, are also the substrates of p34
cdc2


. Furthermore, other DNA binding 


proteins that need to be released for chromosomal condensation to occur are key substrates of p34
cdc2


 


as well. Indeed, the absence of p34
cdc2


 could result in the halt of the cell cycle or it can lead to cell 


cycle arrest and apoptosis. It is therefore, very clear that many events of the mitosis may not occur in 


the absence of p34
cdc2


. 


 


1.7. Reversible Phosphorylation of Proteins 


 


Reversible phosphorylation of proteins regulates almost all aspects of cell life, from classical 


metabolic pathways to memory and even cell death (apoptosis) (Cohen, 2001; Klumpp and 


Krieglstein, 2002). The enzymes that catalyze phosphorylation/dephosphorylation reactions are protein 


phosphatases and kinases. Since reversible phosphorylation regulates apoptosis, it is not surprising that 


abnormal phosphorylation is a cause of many diseases. Therefore, protein phosphorylation events 


appear to be suitable targets to manage or even cure many defects including cancer. In addition, a 


number of physiological functions are influenced by the phosphorylation/dephosphorylation-dependent 


regulation of cellular processes, with many diseases having at their core underlying defect in their 
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intracellular signaling (McCluskey et al., 2002). Thus, enzymes that control intracellular signaling by 


catalyzing phosphorylation reactions are considered optimal targets for the design of novel 


therapeutics.  


 


Although reversible phosphorylation is controlled by protein kinases and phosphatases, the latter has 


received less attention. The drawback in phosphatase research was that phosphatases were originally 


not thought to be subject to regulation, which turned out to be wrong. About 30% of human protein 


contains covalently bound phosphate, and an estimated 600 protein kinases and protein phosphatases 


which are encoded by human genome (Cohen, 2001; Klumpp and Krieglstein, 2002). 


 


Many naturally occurring toxins have been shown to alter the phosphorylation states of proteins. One 


such toxin is CL-A (discussed under 1.2) which has been shown to alter the phosphorylation state of 


proteins by inhibiting protein phosphatase type-1 (PP1) and 2A (PP2A) (Morimoto et al., 1999). The 


use of these inhibitors has led to the understanding that phosphorylation and dephosphorylation status 


is related to cell proliferation and differentiation in mammalian cells. These agents are often used as 


tools to determine the involvement of PP1 and PP2A in cancer. There are other several naturally 


occurring toxins which are also potent inhibitors of PP1 and PP2A protein phosphatases that belong to 


two major families of protein serine/threonine phosphatases. 


 


1.7.1. Okadaic Acid 


 


Okadaic acid is a major toxic component associated with diarrhetic sea food poisoning (Cohen et al, 


1990). Okadaic acid is a complex of a polyether derivative of a 38-carbon fatty acid that is synthesized 


from the marine sponges Halichondria okadaii (from which it gets its name) and Halichondria 


melanodocia (Murakami et al., 1982; Tachibana et al., 1981). Okadaic acid was shown to be produced 


by several types of dinoflagellates and to concentrate in marine sponges by filter feeding (Cohen et al., 


1990). Through its accumulation in filter feeding organisms such as mussels, okadaic acid can gain 


entry into human food chain and cause diarrhetic shell fish poisoning (Schönthal, 2001). 


 


Okadaic acid is a potent inhibitor of PP1 and PP2A that dephosphorylates serine and threonine 


residues in eukaryotic cells (Biolojan and Takai, 1988; Cohen, 1989). It has been reported that okadaic 
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acid has the ability to bind the catalytic subunit of PP2A and efficiently block its enzymatic activity 


(Schönthal, 1992). It has no effect on other protein phosphatases like Mg
2+


-dependent protein 


phosphatase C (PP2C) and it is less sensitive to protein phosphatase 2B (PP2B) (Biolojan and Takai, 


1988). Being hydrophobic, okadaic acid can enter cells through the plasma membrane and affect 


phosphorylation level of proteins. Studies reported okadaic acid as a potent tumour promoter and the 


inference is that it is the inhibition of phosphatase activity that contributes to its tumour promotion, 


which is thought to be suppressed by the activity of PP2A (Schönthal, 2001). This was also seen where 


protein phosphatase was activated, thus dephosphorylating Bcl-2 and even Bad, which resulted in cell 


death. This cleary shows that PP2A could be regarded as a tumour suppressor. However, other studies 


reported that dephosphorylation of some proteins resulted in cell survival; it seems therefore, that the 


consequences of dephosphorylation/phosphorylation depends on the nature of the stimulus and the site 


of dephosphorylation/phosphorylation, the cell type and the cell cycle status. 


 


1.8. Protein Phosphatases  


 


Phosphatases that dephosphorylate serine and threonine residues are encoded by the phosphoprotein 


phosphatase (PPP) and Mg
2+


-dependent protein phosphatase (PPM) gene families (Cohen, 1994; 


Hubbard and Cohen, 1993; Wera and Hemmings, 1995). There are other protein phosphatases that 


dephosphorylate tyrosine residues and are encoded by protein tyrosine phosphatase (PTP) (Tonks and 


Neel, 1996). Phosphatases are broadly classified on the basis of their specificity for tyrosine or 


serine/threonine amino acid substrate (Boudreau and Hoskin, 2005). Unlike classification of 


phosphatases, protein kinases classification is very straight forward, they are named according to the 


stimulus involved. The reason why phosphatases were named according to the phospho-amino acid 


they act on is that, stimulating and inhibitory factors were unknown at the beginning.  


 


Now, serine/threonine phosphatases are presently grouped according to the biochemical 


characteristics, sensitivity to endogenous inhibitor proteins, and substrate specificity (Honkanen and 


Golden, 2002; Ingebritsen and Cohen, 1983a). Therefore, PP1 is a ‘type-1’ phosphatase defined by its 


preferential dephosphorylation of the -subunit of phosphorylase kinase; this activity can be inhibited 


by two cytosolic, heat-stable inhibitor proteins referred to as inhibitor (I)-1 and I-2 (Ingebritsen and 


Cohen, 1983b, Klump and Krieglstein, 2002). In contrast, the PP2A family comprises the ‘type-2’ 
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phosphatases, which are able to dephosphorylate the -subunit of phosphorylase kinase and are 


sensitive to neither I-1 nor I-2 inhibition (Boudreau and Hoskin, 2005; Klumpp and Krieglstein, 2002). 


The type-2 enzymes were further subdivided on the basis of their requirement for divalent cations, 


PP2A is active in the absence of divalent cations while PP2B requires calcium and PP2C requires 


magnesium (Honkanen and Golden, 2002; Janssens and Goris, 2001; Klee et al., 1998). The PPP 


family includes the most abundant protein phosphatases: PP1, PP2A and PP2B and cloned enzymes 


such as PP4, PP5, PP6, and PP7 (Klumpp and Krieglstein, 2002), while PP2C falls under the gene 


family PPM. 


 


Phosphatases that fall under PPP are specifically inhibited by naturally occurring toxins such as 


okadaic acid, CL-A and microcystin. In contrast, members of the family PPM and PTP are not affected 


by okadaic acid, CL-A or microcystin. The activity of several of these phosphatases has been linked to 


the mechanisms that control cell cycle and therefore, some of these members might be involved in cell 


growth and tumourigenesis. Among all the phosphatases, PP2A clearly is the best studied and several 


lines of evidence have established its involvement in cell growth regulation and tumourigenesis. 


 


1.8.1. Type-2A Protein Phosphatase (PP2A) 


 


PP2A is a trimeric complex that is composed of a 36-kDa subunit, 65-kDa structural subunit, and a 


regulatory B subunit (Mumby and Walter, 1993; Virshup, 2000; Wera and Hemmings, 1995). Each 


subunit has its specific function; the C subunit is the enzymatically active component, B subunits act 


as targeting modules that direct the enzyme to various intracellular locations and also provide distinct 


substrate specificity, and A subunits function primarily as scaffolding proteins that serve to assemble 


the different subunits into one holoenzyme complex (Schönthal, 2001). These three subunits have 


different isoforms that can form different ABC holoenzyme in which a single catalytic C subunit can 


associate with a wide array of regulatory subunits (Fig. 1.6). 


 


Four unrelated families of B subunits named B, B′, B′′, B′′′, have been described, where each is able to 


bind with A and C subunits in a mutually exclusive manner to form a distinct ABC holoenzyme 


complex. The A and B subunits exist in two variants:  and  isoforms (Klingler-Hoffmann et al., 


2005). The A and C subunits are expressed in all cells, while some of the B subunits are expressed in a 


tissue-specific fashion, some at the distinct developmental stages (McCright et al., 1996). The 
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existence of multiple regulatory subunits of PP2A raises the possibility that distinct holoenzymes may 


regulate multitude of cellular functions, such as metabolism, transcription and translation, RNA 


splicing and DNA replication, development and morphogenesis, as well as cell cycle progression and 


transformation. 


                                     


Fig. 1.6. PP2A holoenzyme showing the catalytic C, regulatory A and targeting B subunits (Schönthal, 


2001). 


 


The complexity of PP2A composition results in this enzyme being implicated in the regulation of a 


multitude of cellular functions (Schönthal, 2001). There are other covalent and non-covalent 


mechanisms that contribute to the regulation of PP2A’s enzymatic activity, its substrate specificity, 


subunit assembly, or its subcellular localization (Schönthal, 2001). For example, reversible 


phosphorylation (Brautigan, 1995) and methylation (Brautigan, 1995; Ogris et al., 1999; Tolstykh et 


al., 2000; Wu et al., 2000) of the catalytic C subunit has been shown to strongly affect PP2A activity. 


Naturally occurring toxins are reported to be inhibitors of PP1 and PP2A. Inhibitors of protein 


phosphatases are mainly tumour promoters (Volter et al., 1999). Heat stable inhibitors (Oliver and 


Shenolikar, 1998), several other proteins as well as certain lipid second messengers such as ceramide 


(Dobrowsky et al., 1993), have been implicated in the management of PP2A function.  
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1.8.2. The Role of Protein Phosphatases in the Regulation of Cell Cycle and Apoptosis 


 


Protein phosphatases have long been known in the field of research, however their role in the 


regulation of cell cycle have just emerged recently. PP1 have been reported to be involved in the 


regulation of major metabolic pathways, including, glycogen metabolism, muscle contraction and 


protein synthesis. It is also reported that protein phosphatases play important role in meiosis, mitosis, 


and other events coupled to cell cycle (Cyert and Kirschner, 1988). 


 


1.8.2.1. Type-1 Protein Phosphatase (PP1) 


 


PP1 has the ability to block S-phase entry of the cell cycle. When pRb is dephosphorylated it maintains 


the cells at the G1-phase. PP1 was seen as the phosphatase which is responsible for dephosphorylating 


pRb in the G1/G2-phase and the M-phase (Felix et al., 1990). The dephosphorylation of pRb by PP1 


suggests that PP1 might function as a cell cycle inhibitor via dephosphorylation of pRb. High 


expression of PP1 results in the prevention of phosphorylation of pRb and causes G1 cell cycle arrest 


in human cancer. This effect depends on the functional pRb but not p53. Therefore, in order to induce 


the cell to enter the S-phase, protein kinases like CDKs need to inactivate pRb and PP1 as well, 


thereby maximizing pRb phosphorylation. 


 


During M-phase, PP1 affect the splitting of centrosome at the beginning of M-phase. The splitting 


must happen so that each daughter cell inherits one centrosome. The cohesion of the two parental 


centrioles is believed to be under the control of phosphorylation events (Berndt, 2003). The 


centrosomal protein C-Nap 1 is thought to connect the two centrioles. The cohesion is lost when C-


Nap 1 is phosphorylated by kinase 2 (Nek2) NIMA- related protein kinase 2 (Clarke et al., 1993). PP1 


is thought to colocalize with centrosome splitting and prevents Nek 2-induced centrosome splitting and 


prevent entry into mitosis.  


 


PP1 inhibition by CDKs can facilitate the massive phosphorylation of a variety of proteins, for 


example, H1 histones, that occur during the onset of mitosis (Berndt, 2003). Phosphorylation of 


histones is required for proper chromosome condensation. The phosphatase responsible for 


dephosphorylating H1 at the end of mitosis was identified as PP1 (Felix et al., 1990). Phosphorylation 
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of H3 at the onset of mitosis is also regulated by PP1 and protein kinase aurora (Felix et al., 1990). 


Therefore, PP1 plays a pivotal role in the cell cycle. Taken together, the tight balance between the 


activity of CDKs and PP1 appear to be required for normal cell division.  


 


1.8.2.2. PP2A as a Positive Component of Cellular Growth Control 


 


Cell cycle is another area of cell growth regulation where positive as well as negative roles of PP2A 


were confirmed (Schönthal, 2001). PP2A blocks the entry into S-phase. Progression of cells through 


various phases of the cell cycle is governed by sequential activity of different CDKs which are 


required at specific points through the cycle (Schönthal 2001). Inhibition of PP2A by okadaic acid 


results in the activation of Cdk1 that is necessary for triggering entry into mitosis, suggesting that 


PP2A inhibits Cdk1 activation (Felix et al., 1990; Yan and Mumby, 1999).  On the other hand, 


inhibition of PP2A decreases cyclin-D2 and E levels and increases p21 resulting in the down-


regulation of G1-specific CDKs (Yan and Mumby, 1999). Decreased expression of regulatory subunit 


of PP2A results in the severely impaired CDK activity, and the cells become arrested in the G1-phase 


of the cell cycle (Schönthal and Feramisco, 1993; Yan and Mumby, 1999).  


 


This suggests that PP2A is required for DNA synthesis. Thus, PP2A appears to have stimulatory 


effects during early phases of the cycle by affecting the activity of G1-specific CDK complexes. These 


studies indicate that PP2A activity is required for cells to progress through the early phases of the cell 


cycle and to enter S-phase (Schönthal 2001). The study on the positive function of PP2A contrasts 


with the well known established negative role during the G2/M transition (Schönthal, 2001). Other 


studies revealed that PP2A inhibits the activation of the M-phase specific CDK, the CDK1/cyclin-B 


complex, which is essential for entry and progression through the M-phase of the cell cycle (Kawabe 


et al., 1997). Explanation for this finding is not yet known, but it could be due to the actions of distinct 


PP2A holoenzyme that are targeted at different G1 versus G2/M-phases substrates (Schönthal, 2001).  
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1.8.3. PP2A as a Regulator of Bcl-2 Family Proteins and Caspases 


 


1.8.3.1. Inactivation of Anti-apoptotic Bcl-2 Protein 


 


Bcl-2 protein can be modulated by dimerization with members like Bax and by phosphorylation 


(Klumpp and Krieglstein, 2002). Reversible phosphorylation of Bcl-2 causes conformational changes 


within the protein and has been suggested to serve as a survival sensor during stress stimuli (Ruvolo et 


al., 2001). Van Hoof and Goris (2003) suggested that the phosphorylated form of Bcl-2 regulates its 


activity, while the dephosphorylated form is associated with cell death (Klumpp and Krieglstein, 


2002).  When favourable conditions are encountered, Bcl-2 becomes phosphorylated (Klumpp and 


Krieglstein, 2002). As death-inducing conditions are encountered, Bcl-2 becomes dephosphorylated 


and this is associated with cell death (Klumpp and Krieglstein, 2002).  


 


So far, PP2A is found to be the only Bcl-2 phosphatase at Ser
70 


(Van Hoof and Goris, 2003). PP2A has 


been found to co-localize at the mitochondrial membrane with Bcl-2 and to dephosphorylates Bcl-2 


(Ruvolo et al., 1999). When PP2A becomes active it dephosphorylates Bcl-2 and inactivates Bcl-2’s 


anti-apoptotic function which results in cell death (Klumpp and Krieglstein, 2002).  


 


1.8.3.2. Activation of Pro-apoptotic Bad Protein 


 


Bad function is also highly regulated by reversible phosphorylation (Klumpp and Krieglstein, 2002). 


The pro-apoptotic molecule, Bad, was found to bind much more strongly to Bcl-XL (Yang et al., 


1995). Bad modulates the function of Bcl-XL by direct interaction with Bcl-XL (Klumpp and 


Krieglstein, 2002). However, formation of Bad/Bcl-XL heterodimers depends on the phosphorylation 


status of Bad (Klumpp and Krieglstein, 2002). When Bad is phosphorylated, it associates in the 


cytoplasm with 14-3-3 proteins leaving Bcl-XL free in the outer mitochondrial membrane (Van Hoof 


and Goris, 2003). Free Bcl-XL is then capable of preventing cell death (Klumpp and Krieglstein, 


2002).  


 


Binding of 14-3-3 with Bad leads to cytoplasmic retention of Bad to translocate to the mitochondrial 


membrane and to heterodimerise with and inhibit the anti-apototic Bcl-2 proteins (Van Hoof and 
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Goris, 2003). Unlike Bcl-XL, Bad is dephosphorylated by PP1, PP2A and PP2B (Klumpp and 


Krieglstein, 2002). During unfavourable conditions, Bad is dephosphorylated and co-localizes to the 


mitochondria and binds pro-survival Bcl-2 members at the mitochondrial membrane leading to 


apoptotic cell death (Datta et al., 2000; Tzivion and Avruch, 2002).  


 


1.8.3.3. PP2A as a Substrate of Caspases 


 


By screening for substrates for effector caspase-3, the A/PR6S subunit of PP2A was found to be 


cleaved by caspase-3 (Klumpp and Krieglstein, 2002; Van Hoof and Goris, 2003). This resulted in an 


increase in PP2A activity towards a synthetic peptide (Van Hoof and Goris, 2003). Partial or total loss 


of the A/PR6S subunit resulted in an increase in PP2A activity towards specific pro-apoptotic 


substrates involved in the cellular apoptotic response (Van Hoof and Goris, 2003). However, caspases 


are themselves subjected to reversible phosphorylation. When phosphorylated caspases become 


inactive, they promote cell survival (Klumpp and Krieglstein, 2002). 


 


1.8.3.4. PP2A as a Potential Tumour Suppressor or Tumour Promoter 


 


Schönthal (2001) mentioned that PP2A might be classified as a tumour suppressor, but it is difficult to 


classify PP2A as an obvious tumour suppressor. This suggestion came up where research was done to 


check whether cells with defect in p53 resulted in cell viability. It was found that at cellular levels, the 


inactivation of p53 appears to promote, rather than restrict proliferation (Schönthal, 2001). In contrast, 


no proliferation-stimulatory aspects were observed under conditions where PP2A activity was 


completely inactivated. This may suggests that cells depend on PP2A in order to grow and proliferate, 


which is not a characteristic of typical tumour suppressor. This discrepancy might be due to the fact 


that PP2A is a multitask enzyme system, rather than a single enzyme (outlined in the introduction 


1.8.1). Thus, the puzzling observation that PP2A exerts inhibitory as well as stimulatory effects on cell 


growth could be due to the activity of different PP2A complexes with distinct subcellular location and 


diverse substrate specificity. Therefore, the classification of PP2A as a tumour suppressor need to be 


viewed with caution.      
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1.9. Rationale  


 


Reversible phosphorylation is a key mechanism for regulating the biological activity of many human 


proteins that affect a diverse array of cellular processes including, protein-to-protein interaction, gene 


transcription, cell-cycle progression and apoptosis (Honkanen and Golden, 2002). Once viewed as 


simple housekeeping enzymes, recent studies have made it eminently clear that, like their kinase 


counterparts, protein phosphatases are dynamic and highly regulated enzymes. Therefore, the 


development of compounds that alter the activity of specific phosphatases is rapidly emerging as an 


important area in drug discovery (Honkanen and Golden, 2002). Because >98% of protein 


phosphorylation occurs on serine and threonine residues, the identification of agents that alter the 


activity of specific serine/threonine phosphatases seem especially promising for drug development in 


the future (Honkanen and Golden, 2002). 


 


Cancer is often caused by inappropriate or constitutive activation of oncogenes, many of which are 


protein serine/threonine kinases. Inhibitors of PP2A such as calyculin-A and okadaic acid are known 


to activate kinases like p34
cdc2 


and H1-histone kinase. Active p34
cdc2 


results in the increased 


phosphorylation of anti- and pro-apoptotic proteins, which facilitate the entry of a cell into M-phase.   


Further, phosphorylation of cell cycle proteins is correlated with the accumulation of cells in G2/M-


phase. In addition, phosphorylation of Bcl-2 is not associated with apoptosis but with cell cycle arrest 


at G2/M-phase. p34
cdc2 


consequently, phosphorylates H1-histone and changes H1 function thus 


permitting the cell to enter the M-phase. Blocking mitosis seems to be required for drug induced 


apoptosis since most apoptotic events have been found to occur in the cells showing mitotic arrest. 


Overall, cancer chemotherapy appears to use common mechanism by inducing apoptosis in human 


cancer cell growth.  


 


Lithium is widely used as a mood-stabilising drug to treat manic-depressive disorders. The mechanism 


of lithium action is unclear.  However, previous studies have indicated that lithium enhances the 


growth of different cell lines like human promyelocytic leukaemia (HL-60) cells. Lithium is also 


reported to arrest cells at the G2/M-phase (Madiehe et al., 1995) that eventually led to an apoptotic cell 


death. CL-A, an inhibitor of protein phosphatase type-1 and 2A, was also reported to inhibit and 


stimulate cell proliferation of HL-60 cells (Mampuru et al., 1999). Like lithium, CL-A had an ability to 
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arrest the HL-60 cells at the G2/M-phase (Mampuru et al., 1999). Previous studies done by Mampuru 


et al. (1999) showed that when lithium and CL-A were added concomitantly, they had additive effects 


on inhibition and stimulation of HL-60 cells proliferation. This led to the hypothesis that lithium and 


CL-A may exert their biological effects by acting on a similar target. Furthemore, their ability to 


induce apoptosis may indicate that there is a possibility of developing lithium and CL-A as universal 


anticancer drugs.  


 


Thus, the lack of understanding of the mechanism by which lithium and CL-A induces cell death or 


cell growth of cancer cells has led to this research endeavour. The study will not only help in the 


understanding of the mechanism(s) of lithium and CL-A, but also towards understanding the treatment 


and management of human malignant growth. Moreover, understanding the mechanism(s) of action of 


these two drugs will facilitate efforts towards finding better drugs for the treatment of malignant 


growths. This study will concentrate on how lithium and CL-A affect the expression levels of 


apoptotic-and cell cycle-regulatory proteins. Since CL-A is a potent inhibitor of PP2A, it will 


indirectly serve as a tool in our efforts towards understanding the involvement of PP2A in the control 


of cell cycle, cell growth and apoptosis.  


 


1.10. Aims and Objectives 


 


The main aim of our study was to investigate the mechanism(s) by which lithium and CL-A induce 


growth stimulation and apoptosis in HL-60 cells. 


  


Thus, in order to try to elucidate the mechanism(s) of lithium and CL-A action, we specifically 


endeavoured to:  


 


i. Evaluate the effect of lithium, CL-A and their combination on the growth kinetics of HL-60 cells. 


ii. Determine the expression levels of apoptotic and cell cycle regulatory genes in HL-60 cells 


treated with lithium, CL-A and their combination using RT-PCR. 


iii. Investigate the effect of lithium, CL-A and their combination on the expression levels of 


apoptotic and cell cycle regulatory proteins using Western blot. 
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CHAPTER 2 


 


MATERIALS AND METHODS 


 


2.1. Chemicals 


 


Table 2.1. Biochemicals, media, cell culture and assay kits used in the study: 


Company Chemicals, media, cell culture/or kits 


American Type Cell Culture (ATCC), Rockville, USA HL-60 cells 


Bio-Rad Laboratories, Richmond, California, USA Sodium dodecyl-sulphate (SDS), Blotting grade blocker 


non-fat dry milk 


Boehringer-Mannheim, Germany Phenylmethylsulfonyl fluoride (PMSF) 


Fluka Biochemica, Switzerland Lithium, Acrylamide and NP-40 


Gibco, Auckland, New Zealand Penicillin, streptomycin and neomycin (PSN) mixture 


Highveld Biologicala (Pty) Ltd, Lydhurst, RSA Foetal Bovine serum (FBS), RPMI-1640 media 


Invitrogen Life Technologies, UK PCR primer pairs 


Merck Laboratory Suppliers (Pty) Ltd, Midrand, SA 2-Mercaptoethanol, Tween-20 


Millipore Corporation, Bedford Immobilon-P transfer membrane  


NT Laboratory Suppliers (Pty) Ltd, JHB, SA Glycerol 


Perkin-Elmer, Roche Diagnostics, Indianapolis, IN, USA High pure RNA isolation kit 


Perkin-Elmer, Roche Molecular Systems, Inc, New Jersey, 


Cleveland, USA 


GeneAmp RNA PCR core kit 


Pierce, Rockford, USA BCA protein assay kit, CL-X posure film 


Research Organics, Inc, Cleveland, USA MOPS 


Saarchem (Pty) Ltd, Midrand, RSA Bromophenol blue, Coomassie blue R200, Sodium chloride, 


Ethanol, EDTA and Methanol 


Santa-Cruz Biotechnology, Inc, Santa-Cruz, California, 


USA 


Monoclonal IgG primary antibodies, Goat anti-mouse IgG-


HRP conjugated secondary antibodies, Western blotting 


luminol reagent 


Sigma Chemicals, St Louis, MO, USA Trypan blue, 3-[cyclohexylamino]-1-propanesulphonic acid, 


Ammoniumpersulphate, TEMED, sodium orthovanadate, 


Tris, Aprotinin, Diethylpyrocarbonate, Calyculin-A 
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2.2. Equipment 


 


The following equipment was used to carry out the experimental work: 


 Coulter Counter  (model Z1, Beckman Coulter (Pty) Ltd, RSA) 


 Centrifuges (model GS-6R, GS-15R, Beckman Instruments, Inc, Fullerton, USA) 


 CO2 Incubator (NAPCO model, Instrulab cc, Johannesburg, RSA) 


 Light microscope (Zeiss, Germany) 


 Spectrophotometer (Genesys 5, Milton Roy Company, USA) 


 EC 120 mini vertical gel system (E-C apparatus corporation) 


 Easy-cast electrophoresis system (Owl Scientific, Inc, USA) 


 Hybaid Omnigene thermal cycler (Hybaid Limited, UK) 


 Microtiter plate reader (model 550, Bio-Rad Laboratories, Richmond, California, USA) 


 Power-pack (Bio-Rad Laboratories, Richmond, California, USA) 


 Syngene image analyzer (Vacutec cc, RSA) 


 Hypercassette (Amersham, UK) 


 


2.3. Cell Culture, Growth Conditions and Drug Treatment 


 


HL-60 cells (ATCC) were used throughout this study. For every assay, HL-60 cells were seeded at 2.5 


x 10
5
 cells/ml in RPMI-1640 medium, supplemented with 10% heat-inactivated foetal bovine serum 


(FBS), 100 g/ml penicillin and 100 g/ml streptomycin/neomycin (PSN) at 37
o
C in a humidified 5% 


CO2/95% air atmosphere. The experimental cultures were seeded in culture flasks, then treated with 


various concentrations of either lithium (0, 5 mM, 10 mM and 20 mM), calyculin-A (0, 0.1 nM, 0.25 


nM, 0.5 nM and 1 nM) or combination of lithium and CL-A (0; 0.25 nM CL-A and 5 mM Li
+
; 0.25 


nM CL-A and 10 mM Li
+
; 1 nM CL-A and 10 mM Li


+
). The control cultures were treated with 


equivalent amount of drug vehicle (ethanol). Cells were collected at specific time points (0, 12, 24 and 


48 h); growth and cell viability were monitored with a Coulter Counter and trypan blue dye exclusion 


assay, respectively. Cell pellet was collected by centrifugation (1000 rpm, 5 min) and washed thrice 


with ice-cold sterile phosphate buffered saline (PBS), pH 7.2. 
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2.4. Total RNA Extraction  


 


The experimental cultures were treated as described above. Total RNA was isolated using the High 


Pure RNA isolation kit (Roche Diagnostics, Indianapolis, IN, USA) as directed by the manufacturer. 


The purity of the RNA was assessed by spectrophotometric analysis at 260 and 280 nm. The quality of 


the RNA was assessed on a 1.5% formaldehyde agarose gel stained with ethidium bromide for 2 h at 


70 volts. Briefly, 5µg of the isolated RNA was heated at 65
o
C for 5 min, mixed with RNA loading 


buffer (50% glycerol, 1mM Na2EDTA and 0.4% bromophenol blue), run on the denatured gel, and the 


RNA fragments visualized and photographed under UV light. 


 


2.4.1. RT-PCR of Apoptotic and Cell Cycle Regulatory Genes 


 


About 0.7 µg/ml of the isolated RNA was reverse transcribed to cDNA. The reverse transcription (RT) 


step was performed in a reaction mixture containing 1x PCR buffer, 0.5 mM deoxyribonucleotide 


triphosphates (dNTPs), one unit of RNase inhibitor, 2.5 µM oligo d (T)16  and 2.5 units of MuLV 


reverse transcriptase (Perkin-Elmer). The reaction mixture was performed at 42
o
C for 15 min and 


inactivation of the reverse transcriptase was carried out at 99
o
C for 5 min on a PCR machine (Hybaid 


Omnigene thermal cycler, Hybaid Limited, UK). 


 


 Different antisense and sense primers for various apoptotic and cell cycle genes were used for PCR 


step (Table 1).  PCR was performed using the cDNA obtained from the RT step described above. The 


reaction mixture for PCR contained 5mM MgCl2, 1x PCR buffer, 2.5 units of Taq polymerase and 0.15 


µM of each primer pair. Amplification of β-actin, bcl-2 and bax mRNA was performed as follows: 


initial denaturation cycle at 95
o
C for 5 min, 34 cycles of denaturation at 94


o
C for 30 sec, annealing at 


58
o
C for 1 min and final extension cycle at 72


o
C for 7 min. The PCR conditions for evaluation of the 


expression of cyclin-B1 and cdc2 were performed as follows: initial denaturation cycle at 95
o
C for 5 


min, 34 cycles of denaturation at 94
o
C for 30 sec, annealing at 55


o
C for 1 min and final extension 


cycle at 72
o
C for 7 min. The PCR products were analysed by running samples on a 2% agarose gel for 


2 h at 70 volts. Amplified bands were visualized and photographed under UV light. 
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Table 2.2. Gene specific primers used for RT-PCR.   


Gene name    Primer sequences 


 


bax            -ACC-AAG-AAG-CTG-AGC-GAG-TGT-C-   


                  -ACA-AAG-ATG-GTC-ACG-GTC-TGC-C-  (Park et al., 2004) 


 


bcl-2           -CGA-CTT-CGC-CGA-GAT-GTC-CAG-CA- G-  


                   Antisense        -ACT-TGT-GGC-TCA-GAT-AGG-CAC-CCA- G- (Hsu et al., 


2005)       


 


cyclin-B1    -AAG-AGC-TTT-AAA-CTT-TGG-TCT-GGG-                                             


                    -CTT-TGT-AAG-TCC-TTG-ATT-TAC-CAT- G-  (Choi et al., 


2006)        


                                     


cdc2            -GGG-GAT-TCA-GAA-ATT-GAT-CA-  


                    -TGT-CAG-AAA-GCT-ACA-TCT-TC- (Choi et al., 2006) 


 


 β-actin       -GCT-CGT-CGT-CGA-CAA-CGG-CTC-  


                    -CAA-ACA-TGA-TCT-GGG-TCA-TCT-TCT- C-  (Hsu et al., 2005)            


          


 


 


2.5. Western Blotting 


 


2.5.1. Protein Extraction 


 


HL-60 cells were treated as described above and were incubated for various time intervals; the cell 


pellets were collected and washed with sterile ice cold PBS, pH 7.2. The cell pellets were then 


resuspended in a lysis buffer (2 mM Tris-HCl, pH 8.0, 13.7 mM NaCl, 1% NP-40 and 10% Glycerol) 


with freshly prepared protease inhibitors (1mM PMSF, 0.01 mg/ml aprotinin and 1 mM sodium 


orthovanadate) and incubated for 20 min on ice. The cell suspensions were centrifuged at 14000 rpm 
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for 15 min and the resultant supernatants were used as total cell lysates. The amount of total protein in 


each extract was determined by bicinchoninic acid (BCA) protein assay (Pierce, Rockford, USA). The 


absorbance was read at 550 nm and the protein concentration was calculated from the standard curve. 


 


2.5.2. SDS-PAGE and Electrotransfer of Proteins 


 


About 10 µg/ml of total proteins were mixed with a sample buffer (125mM Tris-HCl, pH 6.8, 4% 


SDS, 20% glycerol and 10% 2-mercapotoethanol), vortexed, boiled for 3 min and then loaded onto a 


12% sodium dodecyl sulphate (SDS)-polyacrylamide gel and electrophoresed at 200 mA for 1h30 min. 


Following SDS-PAGE, the separated proteins were transferred onto Immunobilon-P transfer 


membrane (Millipore Corporation, Bedford). The transfer was carried out at 200 mA for 2 h in the 


transfer buffer (distilled H2O, 10% methanol and 10 mM CAPS, pH 11.0). 


 


2.5.3. Immunoblotting 


 


For Western blotting, the Immunobilon-P transfer membrane was blocked for 1 h with TBS-Tween 


containing 3% non-fat dry milk at room temperature to block any non-specific binding sites. The 


membranes were then washed three times with TBS-Tween for 10 min each. The membranes were 


then incubated with specific primary goat monoclonal anti-mouse Bcl-2 (1:1000), Bax (1:500), Cdc2 


(1:500), and cyclin-B1 (1:500) antibodies (Santa-Cruz Biotechnology Inc., Santa-Cruz, CA, USA) at 


4
o
C for overnight. All antibodies were diluted in a dilution buffer (TBS-Tween, 3% non-fat dry milk). 


The membranes were then washed three times with TBS-Tween for 10 min each.  The membranes 


were further incubated for 1 h with horseradish peroxidase (HRP)-conjugated goat-IgG secondary 


antibody (1:10 000). The membranes were then washed three times with TBS-Tween for 10 min each. 


The membranes were developed using the Western blotting Luminol reagent substrate following the 


manufacturer’s instructions (Santa-Cruz Biotechnogy Inc, Santa Cruz, CA, USA). The membranes 


were exposed to X-ray film (Pierce, Rockford, USA) in the development cassette for 10 min. The film 


was then developed for 15 min in the dark. 
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CHAPTER 3 


 


RESULTS 


 


3.1. The Effect of Lithium on the Growth and Viability of HL-60 Cells  


       


Lithium was shown to induce apoptosis in HL-60 cells in a dose- and time-dependent manner. 


Madiehe et al. (1995) demonstrated that lithium stimulates proliferation of HL-60 cells at lower 


concentrations (5mM) and induces apoptosis at 10 mM and above. We used lithium in our study to 


investigate its mechanism of inhibition in HL-60 cells. HL-60 cells were treated with various 


concentrations of lithium at 0, 5, 10 and 20 mM and incubated for specific time intervals. As shown in 


Fig. 3.1A, lithium inhibited the proliferation of HL-60 cells in a dose- and time-dependent manner. 


Maximum inhibition was observed with 20 mM lithium which turned out to be cytotoxic. The results 


were not consistent with published results which showed that 5 mM lithium stimulated cell 


proliferation (Mampuru et al., 1999). Our data as depicted in Fig. 3.1A shows that 5 mM lithium did 


not enhance cell proliferation of HL-60 cells. The reason for this discrepancy is not very clear, 


however, it may be due to clonal differences (passage number and lineage) between the HL-60 cells 


used in the two studies. Thus, different clones of HL-60 cells may respond differently to lithium 


treatment.  


 


In order to validate the inhibitory effects of lithium on HL-60 cells, trypan blue dye exclusion method 


was used to determine the viability of these cells. The cells were treated as outlined under materials 


and methods. As expected, lithium inhibited cell viability of HL-60 cells in a dose- and time-


dependent manner (Fig. 3.1B). Cell viability assay showed that 10 and 20 mM lithium treated cells 


were above 97% viable up to 24 h, however, after 48 h cell viability dropped to 93% and 91% in cells 


treated with 10 and 20 mM lithium, respectively. These results further confirmed that high 


concentrations of lithium were cytotoxic to HL-60 cells. 
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Fig. 3.1. Cell proliferation (A) and viability (B) of HL-60 cells after treatment with various 


concentrations of lithium. Cell number (A) and viability (B) were determined after 0, 12, 24 and 48 h. 


The data points represent the mean of two independent experiments, each done in duplicate. Data were 


expressed as a mean ± standard error (SE).  
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3.2. The Effect of CL-A on the Growth and Viability of HL-60 Cells 


 


Previous studies indicated that inhibitors of types-1 and -2A protein phosphatases inhibit growth of 


HL-60 cells. Mampuru et al. (1999) found that CL-A enhanced proliferation of HL-60 cells in a dose- 


and time-dependent manner up to 0.5 nM and became cytotoxic at 1 nM and above. In the current 


study, we have investigated the inhibitory effects of CL-A on cell proliferation and viability of HL-60 


cells. The cells were treated with 0, 0.1, 0.25, 0.5 and 1 nM CL-A at 0, 12, 24 and 48 h. We found that 


0.1 and 0.25 nM CL-A did not affect the cell proliferation of HL-60 cells (Fig. 3.2A). However, 0.5 


and 1 nM CL-A showed inhibitory effect on cell growth of HL-60 cells. In addition, 1 nM CL-A 


displayed more cytotoxicity to the cells and inhibited cell proliferation of HL-60 cells in a time-


dependent manner.  


 


Furthermore, trypan blue dye exclusion assay showed that HL-60 cells treated with 0.1 to 0.5 nM CL-


A were viable until 48 h and a minimal inhibitory effect was observed for  0.25 nM CL-A after 48 h 


(Fig. 3.2B). Consistent with the growth kinetics, 1nM CL-A significantly inhibited cell viability of 


HL-60 cells in a time-dependent fashion. The viability of HL-60 cells after 1 nM CL-A treatment 


decreased from 99% to 46% after 48 h of treatment. This data confirm that 1 nM CL-A exerted 


cytotoxic effects to HL-60 cells. 
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Fig. 3.2. Cell proliferation (A) and viability (B) of HL-60 cells after treatment with various 


concentrations of CL-A. Cell number (A) and viability (B) were determined after 0, 12, 24 and 48 h. 


The data points represent the mean of two independent experiments, each done in duplicate. Data were 


expressed as a mean ± standard error (SE). 
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3.3. The Effect of the Combination of Lithium and CL-A on the Growth of HL-60 Cells 


 


 Previous study done by Mampuru et al. (1999) showed that when lithium and CL-A are used together 


(2.5 mM lithium and 0.25 nM CL-A; 5 mM lithium and 0.25 nM CL-A), they displayed an additive 


effect at inducing HL-60 cell proliferation, thus suggesting an interaction between the two drugs. In 


addition, cells exposed to 10 mM lithium and 0.25 nM CL-A showed that 0.25 nM CL-A potentiated 


the cytotoxicity elicited by 10 mM lithium. In contrast to published study (Mampuru et al., 1999), our 


study showed that none of the concentrations of the combination of lithium and CL-A stimulated cell  


proliferation of HL-60 cells (Fig. 3.3A-D). Furthermore, we did not observe any additive effects on 


growth stimulation when these two drugs were used together. Instead, we observed additive effects on 


growth inhibition of HL-60 cells which was inhibited in a dose-dependent manner and maximum 


inhibition was observed with 1 nM CL-A and 10 mM lithium. As indicated in Fig 3.3C, HL-60 cells 


treated with 1 nM CL-A and 10 mM lithium resulted in decreased cell numbers to 7.9 x 10
4
 cells/ml, 


while cells which were treated with 1 nM alone decreased to 1.37 x 10
5
 (Fig. 3.3C). The reason for the 


discrepancy between the two studies on growth stimulation may be due to the clonal differences of the 


HL-60 cell types used in the two experiments. 


 


3.4. The Effect of the Combination of Lithium and CL-A on the Viability of HL-60 Cells 


 


The dosages used for the combination of lithium and CL-A which inhibited cell proliferation were 


consistent with the concentrations that inhibited cell viability of HL-60 cells (Figs. 3.4A-D). The cell 


viability was also inhibited in a dose-dependent fashion, with maximum inhibition observed with 1 nM 


CL-A and 10 mM lithium. The viability decreased from 99% to 27% after 48 h in HL-60 cells treated 


with the combination of both lithium and CL-A. When CL-A was used alone, the viability decreased 


from 99% to 47% after 48 h (Fig. 3.4C). This data clearly show that lithium and CL-A displayed 


additive effects on the inhibition of cell viability. Therefore, our data suggests that lithium and CL-A 


may exert their biological effects by acting on a similar target.  
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Fig. 3.3. Cell proliferation of HL-60 cells after treatment with various concentrations of the 


combination of lithium and CL-A. Cell numbers, after treatment with 0.25 nM CL-A & 5 mM lithium 


(A), 0.25 nM CL-A & 10 mM lithium (B), 1 nM CL-A & 10 mM lithium  (C) and overall 


combinations (D), were determined after 0, 12, 24 and 48 h. The data points represent the mean of two 


independent experiments, each done in duplicate. Data were expressed as a mean ± standard error 


(SE).  
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Fig. 3.4. Cell viability of HL-60 cells after treatment with various concentrations of the combination of 


lithium and CL-A. Cell viabilities, after treatment with 0.25 nM CL-A & 5 mM lithium (A), 0.25 nM 


CL-A & 10 mM lithium (B), 1 nM CL-A & 10 mM lithium  (C) and overall combinations (D), were 


determined after 0, 12, 24 and 48 h. The data points represent the mean of two independent 


experiments, each done in duplicate. Data were expressed as a mean ± standard error (SE).  
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3.5. RT-PCR Analyses of Apoptotic and Cell Cycle Regulatory Genes in HL-60 Cells after       


       Lithium Treatment 


 


The members of the Bcl-2 family of proteins play a crucial role in the regulation of apoptosis. The 


anti-apoptotic activity of Bcl-2 is inversely proportionate to its intracellular ratio to Bax, a pro-


apoptotic factor.  In the current investigation, we used RT-PCR analysis to determine the expression 


levels of major regulatory members of Bcl-2 gene family: bcl-2 and bax genes. In order to understand 


the involvement of these genes in apoptosis, HL-60 cells were treated with various concentrations of 


lithium. Total RNA was isolated and the integrity and quality of the RNA was assessed using 1.5% 


formaldehyde agarose gel electrophoresis (Fig. 3.5A).   


 
Treatment of HL-60 cells with various concentrations of lithium at various time points revealed the up-


regulation of bax gene from 24 h until 48 h as compared to the control (Fig. 3.5B). However, 10 mM 


lithium slightly down-regulated expression of bax mRNA after 48 h. The overall up-regulation of bax 


gene correlated with the concomitant down-regulation of bcl-2 expression (Fig. 3.5B). The expression 


level of bcl-2 was down-regulated starting at 12 h and remained constant until 48 h. The data suggest 


that lithium induces apoptosis by altering the ratio of Bcl-2-to-Bax.  


 


It has been reported that lithium is able to induce the arrest of HL-60 cells in the G2/M-phase of the 


cell division cycle (Madiehe et al., 1995), although its effect on the genes that regulate the transitions 


from G2 to mitosis (cyclin-B1 and cdc2) has not yet been addressed. We, therefore, examined the 


effect of lithium on the expression levels of cell cycle regulatory genes (cyclin-B1 and cdc2). These 


two genes are known to regulate the entry of the cell into the M-phase. G2/M transition requires the 


regulation of Cdc2 activity which involves the cell cycle-dependent phosphorylation state of the 


protein as well as coordinated binding to a cyclin partner. The effects of anti-cancer drugs on the 


expression levels of cell cycle regulatory genes have been studied previously on other cell types (Park 


et al., 2005; Tannin-Spitz et al., 2007), however the findings have not been uniform. Therefore, the 


effects of anti-cancer drugs on the expression levels of cell cycle regulatory genes appear to be 


dependent on the cell-type and drug used. As shown in Fig. 3.5B, treatment of HL-60 cells with  
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Fig. 3.5A. Total RNA isolated from HL-60 cells treated with different concentrations of lithium. Total 


RNA was isolated using High Pure RNA isolation kit as described. Five micrograms of RNA was 


electrophoresed on a 1.5% formaldehyde agarose gel and the bands visualized and photographed under 


UV light. 


 


 


   
Fig. 3.5B. RT-PCR analyses of bax, bcl-2, cyclin-B1 and cdc2 in HL-60 cells after treatment with 


various concentrations of lithium. Total RNA was isolated as described and 0.7 g of total RNA was 


used as a template for an RT step. RT-PCR was performed using specific primers described in the 


materials. Expression of -actin was used as an internal control. RT-PCR products were 


electrophoresed on a 2% agarose gel stained with 10 µg/ml ethidium bromide and photographed under 


UV light.  
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lithium had little effect on the expression of cyclin-B1 mRNA from 12 h through 48 h. This may 


suggests that cyclin-B1 might be regulated at the level of translation (protein) rather than at the mRNA 


expression level. Therefore, the suppressive effects of lithium on the growth and viability of HL-60 


cells may result partly through the spatial translation and/or post-translational modification of the 


G2/M-phase specific cyclin proteins. 


 


 Furthermore, when HL-60 cells were treated with lithium, the levels of cdc2 mRNA expression also 


did not change throughout the experiment. However, we started to see a slight decrease on the 


expression levels of cdc2 mRNA in cells treated with 5 mM after 48 h (Figure 3.5B). This clearly 


shows that lithium had little effect on the expression levels of cdc2. The expression levels of cdc2 


mRNA do not regulate the activity of Cdc2; Cdc2 is positively regulated by association with cyclin-B1 


and through its phosphorylation. Therefore, the experiments that exclusively rely on the mRNA 


expression need to be interpreted with caution as other regulatory mechanisms may be involved. For 


this reason it is necessary to study the phosphorylation state and pattern of Cdc2 and the expression 


levels of proteins that regulate Cdc2, such as Wee-1. 


  


3.6. RT-PCR Analyses of Apoptotic and Cell Cycle Regulatory Genes in HL-60 Cells after CL-A    


       Treatment 


 


The effects of CL-A on the expression profiles of apoptotic and cell cycle regulatory genes was 


determined. In order to establish whether CL-A could also exert similar inhibitory effects as 


demonstrated by lithium on the expression profiles of apoptotic and cell cycle regulatory genes,  HL-


60 cells were treated with varying concentrations of CL-A as described in the materials and methods. 


Total RNA was isolated at specific time points (Fig. 3.6A). RT-PCR analysis on the expression of bax 


gene in HL-60 cells treated with various concentrations of CL-A revealed a concentration- and time-


dependent up-regulation (Fig. 3.6B). However, 0.5 nM CL-A was found to down-regulate bax 


expression levels after 24 h.  
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Fig. 3.6A. Total RNA isolated from HL-60 cells treated with various concentrations of CL-A. Total 


RNA was isolated using High Pure RNA isolation kit as described. Five micrograms of RNA was 


electrophoresed on a 1.5% formaldehyde agarose gel and the bands visualized and photographed under 


UV light. 


 


 
 


Fig. 3.6B. RT-PCR analyses of bax, bcl-2, cyclin-B1 and cdc2 in HL-60 cells after treatment with 


various concentrations of CL-A. Total RNA was isolated as described and 0.7 g of total RNA was 


used as a template for RT step. RT-PCR was performed using specific primers described in the 


materials. Expression of -actin was used as an internal control. RT-PCR products were 


electrophoresed on a 2% agarose gel stained with 10 µg/ml ethidium bromide and photographed under 


UV light. 
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On the other hand, the down-regulation of bcl-2 mRNA expression started after 24 h and persisted 


until 48 h. There was, however, no observable change in the expression level of bcl-2 mRNA in cells 


treated with 1 nM CL-A after 48 h. Therefore, our data suggest that like lithium, CL-A induces 


apoptosis of HL-60 cells by down-regulating the expression of bcl-2 mRNA and by up-regulating the 


expression levels of bax gene.  


 


To further investigate the underlying mechanism of CL-A-induced apoptosis, we also examined the 


expression levels of cell cycle regulatory genes (cdc2 and cyclin-B1). Our data, as shown in Fig. 3.6B, 


demonstrated an increase in the expression levels of cyclin-B1 mRNA under the treatment conditions. 


The increase in cyclin-B1 mRNA was observed at 12 h and 24 h in cells treated with 0.1, 0.25 and 


1nM CL-A. HL-60 cells treated with 0.1 and 0.25 nM CL-A displayed a decrease in the expression 


levels of cyclin-B1 after 48 h.  


 


We further observed that HL-60 cells treated with 0.5 nM CL-A delayed the expression of cyclin-B1 


which then appeared to be activated after 24 h and persisted until 48 h. This suggests that HL-60 cells 


treated with 0.5 nM CL-A slowly enters the G2/M-phase. In addition, our data indicated that HL-60 


cells treated with 0.1, 0.25 and 1 nM CL-A entered the G2/M-phase prematurely due to the activation 


of cyclin-B1. Thus, the fairly uniform increase in cyclin-B1 expression indicates that CL-A-induced 


apoptosis is associated with an increase in cyclin-B1 expression levels.                 


 
Furthermore, Fig. 3.6B shows discrete induction levels of cdc2 mRNA in both the control and CL-A 


treated HL-60 cells under the experimental conditions. Therefore, our data suggest that CL-A-induced 


apoptosis is not dependent on the expression levels of cdc2 but on cyclin-B1. 


 


3.7. RT-PCR Analyses of Apoptotic Genes in HL-60 Cells after Treatment with the Combination      


       of both Lithium and CL-A 


 


The molecular mechanism underlying the effect of the combination of both lithium and CL-A was also 


analysed using RT-PCR. In order to determine whether the combination of lithium and CL-A induce 


apoptosis by modulating the expression levels of bcl-2 and bax, HL-60 cells were further treated with 


varying  
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Fig. 3.7A. Total RNA isolated from HL-60 cells treated with various concentrations of lithium and 


CL-A. Total RNA was isolated using High Pure RNA isolation kit as described. Five micrograms of 


RNA was electrophoresed on a 1.5% formaldehyde agarose gel and the integrity of the bands was 


visualized and photographed under UV light. 


 


 


 


 


         
 Fig. 3.7B. RT-PCR analyses of bax and bcl-2 in HL-60 cells after treatment with increasing 


concentrations of lithium and CL-A. Total RNA was isolated as described and 0.7 g of total RNA 


was used as a template for the RT step. RT-PCR was performed using specific primers described in the 


materials. Expression of -actin was used as an internal control. RT-PCR products were 


electrophoresed on a 2% agarose gel stained with 10 µg/ml ethidium bromide and photographed under 


UV light. 
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concentrations of the combination of lithium and CL-A. Total RNA was isolated at specific time points 


after treatment (Fig. 3.7A). An increase in the expression levels of bax gene in HL-60 cells was 


observed from 12 h and was maintained until 48 h.  


 


Conversely, the expression levels of bcl-2 mRNA in cells treated with the combination of both drugs 


was down-regulated from 24 h until 48 h (Fig. 3.7B). These findings suggest that the combination of 


both drugs induces apoptosis by altering the ratio of bcl-2-to-bax expression. 


 


3.8. RT-PCR Analyses of Cell Cycle Regulatory Genes in HL-60 Cells after Lithium Treatment 


 


The expression levels of cyclin-B1 and cdc2, which are the key regulators of cell cycle entry into 


mitosis, was first analysed at 0, 12, 24 and 48 h in HL-60 cells treated with varying concentrations of 


lithium and CL-A (Fig. 3.6A). To further understand the molecular mechanisms of lithium- and CL-A-


induced apoptosis, HL-60 cells were treated for time points representing first G1, S, M- phase (0, 3, 6, 


12 h) and 2
nd


 G1-phase (24 h) of the cell cycle. Total RNA was isolated in the cells treated with 


varying concentrations of lithium as described earlier (Fig. 3.8A). As shown in Fig. 3.8B, cyclin-B1 


mRNA expression was down-regulated from 3 to 12 h. However, its expression level was up-regulated 


after 24 h. Thus, it is reasonable to postulate that lithium may cause cell cycle arrest by regulating the 


expression of G2/M regulatory genes. Lithium treatment of HL-60 cells had no effect on the 


expression levels of cdc2 mRNA. This emphasizes that lithium induces apoptosis in the HL-60 cells by 


up-regulating the expression of cyclin-B1 and that the induction of apoptosis is independent of the 


expression of cdc2 mRNA. 


 


3.9. RT-PCR Analyses of Cell Cycle Regulatory Genes in HL-60 Cells after CL-A Treatment 


 


The effect of CL-A on the expression levels of cyclin-B1 and cdc2 mRNA was also determined at the 


time points representing 1
st
 G1, S, M-phase (0, 3, 6, 12) and 2


nd
 G1-phase (24 h) of the cell cycle. Cells 


were exposed to different concentrations of CL-A for 0, 3, 6, 12 and 24 h. Total RNA was isolated as 


described (Fig. 3.9A). Consistent with the lithium data, cells treated with CL-A demonstrated a slight 


down-regulation of cyclin-B1 from 3 h until 12 h (Fig. 3.9B).  
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Fig. 3.8A. Total RNA isolated from HL-60 cells treated with various concentrations of lithium. Total 


RNA was isolated using High Pure RNA isolation kit as described. Five micrograms of RNA was 


electrophoresed on 1.5% formaldehyde agarose gel and the bands visualized and photographed under 


UV light. 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


Fig. 3.8B. RT-PCR analyses of cyclin-B1 and cdc2 of HL-60 cells after treatment with various 


concentrations of lithium. Total RNA was isolated as described and 0.7 g of total RNA was used as a 


template for RT step. RT-PCR was performed using specific primers described in the materials. 


Expression of -actin was used as an internal control. RT-PCR products were electrophoresed on a 2% 


agarose gel stained with 10 µg/ml ethidium bromide and photographed under UV light. 
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Fig. 3.9A. Total RNA isolated from HL-60 cells treated with CL-A. Total RNA was isolated using 


High Pure RNA isolation kit as described. Five micrograms of RNA was electrophoresed on a 1.5% 


formaldehyde agarose gel and the bands visualized and photographed under UV light. 


 


 
 


 


Fig. 3.9B. RT-PCR analyses of cyclin-B1 and cdc2 of HL-60 cells after treatment with various 


concentrations of CL-A. Total RNA was isolated as described and 0.7 g of total RNA was used as a 


template for RT step. RT-PCR was performed using specific primers described in the materials. 


Expression of -actin used as an internal control. RT-PCR products were electrophoresed on a 2% 


agarose gel stained with 10 µg/ml ethidium bromide and photographed under UV light.  
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Fig. 3.10A. Total RNA isolated from HL-60 cells treated with various concentrations of combination 


lithium and CL-A. Total RNA was isolated using High Pure RNA isolation kit. Five micrograms of 


RNA was electrophoresed on a 1.5% formaldehyde agarose gel and the bands visualized and 


photographed under UV light. 


 


 


 


Fig. 3.10B. RT-PCR analysis of cyclin-B1 and cdc2 of HL-60 cells after treatment with various 


concentrations of lithium and CL-A. Total RNA was isolated as described and 0.7 g of total RNA 


was used as a template for RT step. RT-PCR was performed using specific primers described in the 


materials. Expression of -actin was used as an internal control. RT-PCR products were 


electrophoresed on a 2% agarose gel stained with 10 µg/ml ethidium bromide and photographed under 


UV light.  
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3.10. RT-PCR Analyses of Cell Cycle Regulatory Genes in HL-60 Cells after Treatment with the   


         Combination of both Lithium and CL-A 


 


Exposure of cells to different concentrations of the combination of lithium and CL-A displayed an up-


regulation of cyclin-B1 at higher concentrations (1 nM CL-A and 10 mM lithium), which was detected 


within 3 h until 24 h of treatment (Fig. 3.10B). This suggested that the cells could be accumulating at 


the G2/M- phase from 3 h. This data suggest that treatment of cells with the combination of lithium 


and CL-A induces the cells to enter the G2/M-phase prematurely. These observations are consistent 


with published data, which demonstrated that when lithium and CL-A are used together, CL-A 


potentiate programmed cell death caused by lithium (Mampuru et al., 1999).  


 


3.11. Western blot Analyses of Apoptotic and Cell Cycle Regulatory Proteins after Lithium    


         Treatment 


 


We carried out this part of the study to provide further evidence to support the notion that lithium and 


CL-A induce apoptosis by altering the expression levels of apoptotic and cell cycle regulatory proteins. 


In order to confirm what was observed with RT-PCR experiments, HL-60 cells were treated with 


various concentrations of lithium at different time intervals as described under the materials and 


methods. Cell lysates were collected and Western blot analyses performed using antibodies against 


Bax, Bcl-2, cyclin-B1 and Cdc2 proteins. In line with RT-PCR data, similar observations were 


observed on the expression levels of Bcl-2 proteins after lithium treatment. As shown in Fig. 3.11B, 


Bcl-2 expression was slightly decreased after 24 and 48 h under treatment conditions. To emphasize 


what was observed with RT-PCR studies under the same treatment conditions, HL-60 cells treated 


with 5mM lithium also showed a significant decrease in the expression levels of Bcl-2 proteins after 24 


and 48 h. In addition to the main Bcl-2 protein bands, a slow migrating form of Bcl-2 appeared just 


above Bcl-2 bands in both treated and untreated HL-60 cells. This upper band seems to suggest that 


Bcl-2 protein was somewhat phosphorylated under the culture conditions.  
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Fig. 3.11A.  A Coomassie blue stained SDS-PAGE gel of the total protein isolated from HL-60 cells 


treated with various concentrations of lithium.  


 


 


 


 


Fig. 3.11B. Effect of lithium on the expression levels of Bcl-2 and Cdc2 proteins in HL-60 cells. Cell 


lysates were isolated and subjected to SDS-PAGE and transferred to the Immunobilon-P transfer 


membranes. Expression levels of Bcl-2 and Cdc2 were detected with specific primary goat monoclonal 


anti-mouse Bcl-2 and Cdc2, respectively, as described under the materials and methods. 


 


Many interpretations of the purpose of Bcl-2 phosphorylation have been proposed; for example, it has 


been suggested that Bcl-2 phosphorylation is involved in the inactivation of its anti-apoptotic function 


(Fan et al., 2000; Haldar et al., 1995; Haldar et al., 1996; Haldar et al., 1997; Yamamoto et al., 1999), 
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marker of M-Phase events (Ling et al., 1998; Scatena et al., 1998) and promotion of anti-apoptotic 


mechanisms (Deng et al., 2004; Ito et al., 1997; Ruvolo et al., 1999; Ruvolo et al., 2002). Our 


observations were somehow startling since Bcl-2 phosphorylation was also observed in the controls. It 


is, therefore, likely that the inactivation of the anti-apoptotic function of Bcl-2 by phosphorylation is 


cell-type dependent and does not offer any plausible explanation regarding the occurrence of apoptosis 


in this model. Conversely, no expression of Bax was detected under similar treatment conditions (Data 


not shown). The reason for this discrepancy may be explained in terms of the bax gene being regulated 


at the level of mRNA expression rather than at the protein level, during lithium treatment. Another 


reason for this discrepancy may be that there are other mechanisms such as post-translational 


modification, apart from Bcl-2-to-Bax ratio, that are critical in the regulation of apoptosis in HL-60 


cells. 


 


The progression of cell cycle is largely controlled by cyclins, the regulatory units for CDKs. We 


investigated the expression levels of Cdc2 (the regulator of G2/M-phase entry of the cell cycle) in HL-


60 cells with Western blotting. Unlike RT-PCR studies, Western blots revealed that the levels of Cdc2 


expression were up-regulated from 12 and 24 h after lithium treatment as compared to the controls 


(Fig. 3.11B). However, its expression levels declined after 48 h (in comparison to the control). This 


increase in Cdc2 expression levels in response to lithium treatment may be a result of apoptosis, since 


Cdc2 activation leads to induction of apoptosis. Moreover, 5 mM treated cells demonstrated a 


significant decrease in the expression levels after 24 h. However, the expression levels of its regulator, 


cyclin-B1, were not detected under similar treatment conditions (Data not shown). This could mean 


that the regulatory activity of cyclin-B1 is at the gene level, since we observed only the up-regulation 


of cyclin-B1 mRNA in treated HL-60 cells and no corresponding protein expression leves were 


observed.  


 


3.12. Western blot Analyses of Apoptotic and Cell Cycle Regulatory Proteins after CL-A   


         Treatment 


 


Using Western blot analyses; the expression levels of Bcl-2 family members (Bax and Bcl-2), which 


ultimately determine a cell’s response to an apoptotic stimuli, were determined. In comparison to the 


controls there was a down-regulation of Bcl-2 protein expression after 24 and 48 h after CL-A post-
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treatment at high concetrations (Fig. 3.12B). Bcl-2 expression level was down-regulated in a 


concentration- and time-dependent manner. No Bax expression was detected (Data not shown). The 


data emphasize the suggestion that CL-A induces apoptosis by altering the expression of Bcl-2 but not 


Bax proteins.  


 


A decrease in the level of Cdc2 protein was observed at 24 and 48 h post-treatment (in comparison to 


the controls) (Fig. 3.12B). A decrease in Cdc2 expression level may be caused by the phosphorylation 


at the inhibitory positions (Thr
14


 and Tyr
15


). This phosphorylation is known to negatively regulate 


Cdc2. Therefore, future study will look at the phosphorylation state of Cdc2. However, the present 


results suggest that changes in the expression of G2/M regulatory proteins may contribute to CL-A 


arrest in HL-60 cells. CL-A failed to induce the expression of cyclin-B1 protein under the treatment 


condition (Data not shown). The non detection level of cyclin-B1 in HL-60 cells may be due to a 


relatively short half-life of cyclin-B1 protein combined with a total shutoff of protein synthesis under 


the experimental conditions. Thus, the instability of cyclin-B1 protein possibly resulted in no 


detectable of cyclin-B1 expression.  


 


3.13. Western blot Analyses of Apoptotic and Cell Cycle Regulatory Proteins after Combination   


          of Lithium and CL-A Treatment 


 


In order to check whether Western blot demonstrated similar effects on the expression levels of Bax 


proteins as the RT-PCR data, the cells were treated with various concentrations of the combination of 


both lithium and CL-A for various time intervals. Cell lysates were collected and examined for the 


expression levels of Bax proteins. As shown in Fig. 3.13B, Bax expression level was induced to 


moderate levels in all treated HL-60 cells at 12 h. However, after 24 h there was a clear induction of 


Bax expression levels, where the combinations of 0.25 nM CL-A & 5 mM lithium and 1 nM CL-A & 


10 mM lithium demonstrated high expression levels. These observations were consistent with the RT-


PCR results which also revealed the up-regulation of bax mRNA under the same treatment conditions. 


Analysis of Bcl-2 expression level showed constant expression levels at 12 and 24 h in comparison to 


the controls (Fig. 3.13B). However, Bcl-2 expression level was down-regulated after 48 h in treated 


HL-60 cells (in comparison to the controls). This observation coincided with the high occurrence of 


apoptosis after 48 h of treatment. The expression level of Cdc2 remained up-regulated from 12 to 48 h 
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in HL-60 cells treated with the combination of lithium and CL-A (in comparison to the controls) (Fig. 


3.13B). Although there was clear down-regulation at cells treated with 1 nM CL-A and 10 mM lithium 


after 48 h. Although both lithium and CL-A alone have been shown to up-regulate Cdc2 expression 


(Figs. 3.11B and 3.12 B), it is clear that the expression is high when both lithium and CL-A are used 


concomitantly (Fig. 3.13B). This phenomenon is even more impressive if we take into consideration 


that HL-60 cells treated with the combination of lithium and CL-A, were shown to have prematurely 


entered the G2/M-phase where Cdc2 and cyclin-B1 are mostly expressed (Mampuru et al., 1999).  


However, our present study did not show any expression of cyclin-B1 after treatment of the HL-60 


cells with the combination of both lithium and CL-A (Data not shown). This could mean that the 


regulatory activity of cyclin-B1 is at the gene level, since we observed the up-regulation of cyclin-B1 


mRNA in the treated HL-60 cells.  
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Fig. 3.12A. A Coomassie blue stained SDS-PAGE gel of the total protein isolated from HL-60 cells 


treated with various concentrations of CL-A.  


 


 


 


Fig. 3.12B. Effect of CL-A on the expression levels of Bcl-2 and Cdc2 proteins in HL-60 cells treated 


with various concentrations of CL-A. Cell lysates were isolated and subjected to SDS-PAGE and 


transferred to the Immunobilon-P transfer membranes. Expression levels of Bcl-2 and Cdc2 were 


detected with specific primary goat monoclonal anti-mouse Bcl-2 and Cdc2, respectively, as described 


under the materials and methods. 
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Fig. 3.13A. A Coomassie blue stained SDS-PAGE gel of the total protein isolated from HL-60 cells 


treated with various concentrations of the combination of lithium and CL-A.  
 


 
 


Fig. 3.13B. Effect of combination of both lithium and CL-A on the expression levels of Bax, Bcl-2 and 


Cdc2 proteins in HL-60 cells. Cell lysates were isolated and subjected to SDS-PAGE and transferred 


to the Immunobilon-P transfer membranes. Expression levels of Bax, Bcl-2 and Cdc2 were detected 


with specific primary goat monoclonal anti-mouse Bax, Bcl-2 and Cdc2, respectively, as described 


under the materials and methods. 
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                                                         CHAPTER 4 


 


DISCUSSION AND CONCLUSION 


 


Current research is focusing much on the development of new chemopreventive and anticancer agents 


that are more effective and less toxic. The use of naturally occurring agents for the treatment of cancer 


has been shown to induce cancer cells to undergo apoptosis (programmed cell death). Apoptosis is a 


form of cell death critical for normal development. Therefore, it is pertinent to develop drugs that have 


the ability to inhibit tumour cells by inducing the process of apoptosis. One example of such drugs is 


lithium, that was used in this study. Although, lithium was previously used primarily in the treatment 


of mood disorders (Lu et al., 1999), recently, lithium is being evaluated in many studies as a potential 


cancer chemopreventive agent. The use of lithium in this study came from the previous observations 


from our laboratory which established that lithium has the ability to induce apoptosis in various cell 


lines in a cell type- and concentration-dependent manner. Lithium has been shown to induce apoptosis 


of HL-60 cells at 10 mM and above (Madiehe et al., 1995). Another study done in our laboratory also 


demonstrated that lithium at concentrations below 10 mM, stimulated proliferation of HL-60 cells, 


whereas concentrations above 10 mM became cytotoxic. These inhibitory effects were shown to be 


associated with the process of apoptosis, which was facilitated in a concentration- and time-dependent 


fashion (Becker and Tyobeka, 1990). 


 


Contrary to our previous findings, the present data demonstrated that although lithium inhibited cell 


proliferation and viability in a dose- and time-dependent manner, there was no enhancement of cell 


proliferation detected at 5 mM lithium (Figs. 3.1A and B). Maximal inhibition was observed with 20 


mM which turned out to be cytotoxic. The reason for this discrepancy may be due to clonal differences 


(passage number and lineage) between the HL-60 cells used in the two studies. Another contrary 


finding was observed by Molepo (2004) which revealed that lithium treatment of Wil-2 NS and Raji 


cells inhibited the proliferation of the two cell lines in a time- and dose-dependent manner with no 


appreciable stimulation of cell proliferation at lower concentrations. This could mean that the 


stimulatory effect of lithium, at lower concentrations, may be cell type specific. Although lithium has 
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been shown to be effective in various cell lines, the mechanism underlying its therapeutic effects 


remains unclear.  


 


Several studies indicated that inhibitors of types-1 and -2A protein phosphatases are tumour promoters. 


However, there are conflicting reports as to whether protein phosphatase inhibitors prevent or inhibit 


apoptosis (Chatfield and Eastman, 2004). Therefore, it is presumed that the effect of inhibitors of PP1 


and PP2A is cell type-dependent. Mampuru et al. (1999) demonstrated that CL-A, an inhibitor of 


PP2A, induced apoptosis of HL-60 cells in a dose- and time-dependent manner. The current study 


indicated that CL-A exerts inhibitory effects on the cell proliferation and viability of HL-60 cells. 


Maximal inhibition was observed with 1 nM CL-A (Figs. 3.2A and B). This inhibition has been 


attributed to partial inhibition of PP2A (IC50= 0.5-1.0 nM). Previous findings from our laboratory also 


showed that lithium and CL-A had a cummulative effect when added concomitantly, suggesting that 


the observed apoptotic effects were additive (Mampuru et al., 1999). These observations led to the 


hypothesis that lithium and CL-A exert their biological effects by acting on a similar target. However, 


data from the current study showed that the combination of both lithium and CL-A did not display any 


additive effects on the stimulation of cell proliferation (Figs. 3.3A-D). The reason for this discrepancy 


may be a result of clonal differences between the HL-60 cell types used in the two studies. However, 


treatment of HL-60 cells with the combination of both lithium and CL-A displayed additive effects on 


the inhibition of cell proliferation and cell viability (Figs. 3.3.C and 3.4C). Therefore, lithium may 


function in part by modulating a pathway that is also subject to protein phosphatases PP2A/PP1 


regulation, since 1 nM CL-A enhanced the cytotoxicity of 10 mM lithium. 


 


The process of apoptosis is mainly regulated by the Bcl-2 family of proteins and cell cycle regulatory 


proteins. The Bcl-2 family of proteins (Bax and Bcl-2) are well known to be important pro- or anti-


apoptotic regulators (Reed, 1998). The ratio between Bax and Bcl-2 proteins determine life or death of 


a cell (Tsujimoto and Shimizu, 2000). The up-regulation of Bax together with the down-regulation of 


Bcl-2 and the decrease in the ratio of Bcl-2-to-Bax could be seen during apoptotic death (Groc et al., 


2001). Our RT-PCR data demonstrated some interesting trends; as stated earlier (Chapter 3), HL-60 


cells treated with lithium, CL-A and the combination of both resulted in an up-regulation of bax 


mRNA and down-regulation of bcl-2 mRNA (Figs. 3.5B, 3.6B and 3.7B). Thus, it would appear that 


lithium, CL-A and their combination induce apoptosis through a pathway that involves the alteration 
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of the ratio of Bcl-2-to-Bax. Indeed, these findings suggest that lithium and CL-A may be acting on a 


similar target.  


 


Evidence supporting Bax involvement in lithium-induced apoptosis was previously reported by 


Molepo (2004) using Wil-2 NS cells. The study demonstrated an up-regulation of Bax protein in 


lithium-treated cells. Mampuru (2000) also demonstrated the involvement of Bax in lithium-induced 


apoptosis in murine stromal cells, wherein RT-PCR analyses of bax mRNA levels stayed constant 


following treatment with various concentration of lithium, but showed a spatial up-regulation of Bax 


protein after treatment with increasing concentrations of lithium.  


 


Furthermore, closer examination of the expression levels of Bcl-2 and Bax proteins using Western blot 


showed a time-dependent decrease in the reduction of Bcl-2 expression levels in HL-60 cells treated 


with lithium, CL-A and the combination of both (in comparisons to the controls) (Figs. 3.11B, 3.12B, 


3.13B). Recent evidence suggests that inactivation of the anti-apoptotic function of Bcl-2 by 


phosphorylation occurs after treatment with microtubule-stabilizing anti-cancer drug paclitaxel or the 


phosphatase inhibitor okadaic acid (Haldar et al., 1997; Harrison, 1995). Therefore, Bcl-2 may be 


required but is not sufficient for Bcl-2’s full and potent anti-apoptotic function (Ito et al., 1997). 


Indeed, post-translational modification of Bcl-2 family members may be important in the regulation of 


apoptosis (Hu et al., 1998). Our data gave an indication of the phosphorylation of Bcl-2 protein in HL-


60 cells treated with lithium (Fig. 3.11B). This observation provides a link with chemotherapy, as 


inhibition of Bcl-2 function might increase cell death. Surprisingly, when lithium was added 


concomitantly with CL-A, there was no observable phosphorylation of Bcl-2 protein (Fig. 3.13B). 


Accordingly, we speculate or suggest that Bcl-2 phosphorylation is not involved in CL-A-induced 


apoptosis but only in lithium-induced apoptosis of HL-60 cells. Again, since the phosphorylation of 


Bcl-2 is not a determinant of apoptosis but a marker of M-phase events (Ling et al., 1998), this 


observation may buttress the notion that both lithium and CL-A regulate the G2/M-phase events under 


our experimental conditions.  


 


The expression levels of Bax protein did not reciprocate the levels demonstrated for Bcl-2, its anti-


apoptotic partner, in HL-60 cells treated with lithium and CL-A alone. Instead, there were no 


detectable Bax levels observed with Western blot analysis (data not shown). The reason for this 
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discrepancy may be explained in terms of the bax gene being regulated at the level of mRNA 


expression rather than at the protein level, during lithium treatment. Another reason for this 


contradictory observation may be that there are other mechanisms such as post-translational 


modifications, apart from Bcl-2-to-Bax ratio, that are critical in the regulation of apoptosis in HL-60 


cells. Although lithium and CL-A alone failed to up-regulate the expression levels of the Bax protein 


when these two drugs were added concomitantly, the expression levels of Bax protein were induced to 


moderate levels suggesting an interaction between the two drugs (Fig. 3.13B).   


 


Cancer and many human diseases are cell cycle diseases. Cell cycle coordination takes place mainly at 


the G1/S- and G2/M-phase transitions by a series of checkpoints (Liu et al., 2004). Previous studies 


have provided compelling evidence for a link between apoptosis and the cell cycle. For example, 


dysregulation of the components of the cell cycle machinery has been reported to be one of the most 


potent stimuli for the induction of apoptosis (Goldsteyn, 2005). Many activities of regulatory factors of 


checkpoints are lost or arrested in tumour cells. The defect in the cell cycle checkpoint control 


machinery affects the ability of chemotherapeutic drugs to inhibit cell proliferation and to induce 


apoptosis. Therefore, the discovery of anticancer drugs that possess the ability to restore the altered 


regulatory checkpoint will be beneficial in cancer research. In this study, the involvement of the 


expression of the proteins that are pivotal for G2/M transition, including cyclin-B1 and Cdc2, has been 


investigated. The transition from G2- into M-phase requires activation of Cdc2 by increasing the 


accumulation of its regulatory subunit cyclin-B1 (King et al., 1994). In our study, the analysis of the 


expression of cdc2 mRNA using RT-PCR showed constant induction levels in both lithium, CL-A and 


their combination, in the treated and untreated HL-60 cells (Figs. 3.5B, 3.6B, 3.8B, 3.9B and 3.10B). 


In contrast, HL-60 cells treated with lithium and CL-A alone demonstrated the induction of cyclin-B1 


mRNA after 24 h which was later down-regulated after 48 h (Figs. 3.5B and 3.6B). There was an 


induction of cyclin-B1 in the HL-60 cells treated with the combination of both lithium and CL-A for 


all the time intervals (Fig. 3.10B). We, however, observed an up-regulation in the control cells after 48 


h. This is more interesting since it suggests that lithium and CL-A may be interacting together and 


induce the cells to prematurely enter the G2/M-phase, where cyclin-B1 expression levels are high. 


Furthermore, the expression of cyclin-B1 transcripts assessed by RT-PCR did not correlate with their 


protein counterparts. Infact, no detectable cyclin-B1 was observed with Western blot in both treated 


and untreated HL-60 cells (data not shown).. 
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It has long been recognized that the expression of cyclins and of cell cycle related proteins are 


critically regulated according to the stabilities of their mRNA, such as those of cyclin-B1 (Trembley et 


al., 1994) and Cdc2 (Datta et al., 1992; Maity et al., 1995). Therefore, the reason why we did not 


observe any detectable levels of cyclin-B1 could be due to their instability under our experimental 


conditions. Indeed, the instability of cyclin-B1 was reported to be caused by the active degradation of 


the cyclin-B1 protein via ubiquitin pathway and was targeted by a short stretch of amino acids located 


in the N-terminus (Glotzer et al., 1991).  


 


Cdc2 expression levels using Western blot analysis, followed similar trends observed with cyclin-B1 


mRNA expression. Cdc2 expression was induced after 24 h, which later declined after 48 h of lithium 


treatment (in comparison to the control) (Fig. 3.11B). CL-A treated HL-60 cells also showed that Cdc2 


was down-regulated after 48 h as compared to the control. However, as observed with cyclin-B1 


mRNA expression levels, Cdc2 protein levels were up-regulated for all the time intervals in HL-60 


cells treated with the combination of both lithium and CL-A as compared to the controls. These results 


suggest that the suppressive effects of lithium and CL-A on the growth of HL-60 cells are partly 


caused by an up-regulation of the levels and the activities of G2/M-phase specific Cdc2.  


 


Although there were no detectable expression levels of cyclin-B1, there are other plausible 


mechanisms which regulate the activity of Cdc2. Cdc2 is positively regulated by association with 


cyclin-B1 and negatively regulated by phosphorylation of amino acids Thr
14


 and Tyr
15


 (Tannin-Spitz, 


2007). Indeed, the activity of Cdc2 kinase not only depends on its association with cyclin-B1, but also 


on its phosphorylation state (Atherton-Fessler et al., 1993; Galaktinov et al., 1995; Tannin-Spitz, 2007; 


Watanabe et al., 1995). Moreover, HL-60 cells are p53-deficient cells and thus have been reported to 


aberrantly re-enter the cell cycle and undergo unchecked DNA replication, leading to increased nuclear 


content and subsequent chromosomal instability (Lannai and Jacks, 1998). Since the cellular 


checkpoint functions cannot be fully activated by low levels of DNA damage in the absence of wild 


type p53 in HL-60 cells, the combination of both lithium- and CL-A-induced activation of Cdc2 may 


possibly prompt the cells to prematurely attempt to enter mitosis, leading to cell cycle arrest at the 


G2/M-phase and then induce apoptosis. Thus, this study shows that differential regulation of Cdc2 by 


the combination of lithium and CL-A may further contribute to the induction of apoptosis in HL-60 


cells.  
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The effects of anticancer drugs on the cell cycle control proteins have been previously studied in other 


cell types, but the findings have not been uniform. In studies done by Joe et al. (2002), HL-60 cells 


treated with resveratrol increased the levels of cyclin-A and cyclin-E but did not affect the G1-phase 


proteins, cyclin-D1 and Cdk2, and it resulted in the accumulation of HL-60 cells at the S-phase. 


However, in epidermoid cells, resveratrol decreased the levels of cyclin-D1, cyclin-D2, cyclin-E and 


Cdk2 and the cells were arrested at the G1-phase (Ahmad et al., 2001). In U937 lymphoma cells, 


resveratrol increased the levels of cyclin-E, cyclin-A and cyclin-D3; decreased the level of Cdck2 and 


did not affect the levels of cyclin-B1, Cdk4 and Cdc2, although the cells were arrested at the S-phase 


(Park et al., 2001). Thus, the effect of anticancer drugs on the expression of cell cycle control proteins 


appear to also vary considerably between different cell systems and the drug-type used. Therefore, our 


data on the effect of lithium and CL-A alone differs from that emanating from the combination of 


lithium and CL-A in altering the expression level of cell cycle regulatory proteins. The combination of 


lithium and CL-A seems to be more potent that when lithium and CL-A are used alone. Our data also 


suggests that the role of Cdc2 and cyclin-B1 in the control of apoptosis may differ depending on the 


type of the cytotoxic stimuli and cellular context.  


 


In conclusion, we have demonstrated that lithium and CL-A induce apoptosis in HL-60 cells. Induction 


of apoptosis by lithium and CL-A involves multiple pathways. Lithium and CL-A up-regulated pro-


apoptotic bax gene, and at the same time, down-regulated the anti-apoptotic bcl-2 gene. Homo- or 


hetero-dimerisation of these pro- and anti-apoptotic genes, in favour of apoptosis, is one of the 


suggested mechanism(s) by which lithium and CL-A induces apoptosis in HL-60 cells. We also 


showed that lithium treatment of HL-60 cells resulted in the phosphorylation of Bcl-2, the event 


closely associated with the accumulation of cells in the G2/M-phase, suggesting a physiological role of 


phosphorylated Bcl-2 in cell cycle regulation. Therefore, Bcl-2 phosphorylation may play a critical 


role in reducing the threshold for lithium-induced apoptosis in HL-60 cells and not in CL-A-induced 


apoptosis. We further demonstrated that apoptosis was induced by significant up-regulation of the 


expression of Cdc2 proteins and cyclin-B1 mRNA in HL-60 cells treated with the combination of both 


lithium and CL-A, contributing to cell cycle arrest at the G2/M-phase. Taken together, these data 


suggest that the molecular mechanism elicited during lithium and CL-A growth inhibition of HL-60 


cells involves the modulation of Bcl-2 family proteins and cell cycle regulatory proteins, with the 


combination of lithium and CL-A displaying more pronounced effect, emphasizing that the apoptotic 
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effect of lithium and CL-A in HL-60 cells were additive. Future studies will be aimed at determining 


the effect of lithium, CL-A and combination of both on the cell cycle regulatory proteins which are 


known to be cellular or physiological activators of Cdc2 and cyclin-B1. Positive activity of H1 histone 


kinase also warrants future investigation under the treatment conditions. 
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